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Preface to the Second Edition 


Three years ago, in the Preface of my textbook College Chemistry , I made 
the following statement: 

“Although General Chemistry was written primarily for use by students 
planning to major in chemistry and related fields, it has been found 
useful also by students with primary interest in other subjects, including 
some who have not received instruction in chemistry in high school. 
Experience has shown, however, that there is need for a book based on 
the approach of General Chemistry, but written in a'more slowly paced, 
less mathematical form. The present book, College Chemistry, provides this 
more gradual introduction to modern chemistry. I propose, in the near 
future, to revise General Chemistry in such a way as to make it especially 
suited to use by first-year college students who plan to major in chemistry 
and by other well-prepared students with a special interest in the 


subject.” , , . , . . . 

The problem of teaching chemistry to students who intend to special¬ 
ize in this subject or in related fields has become a very difficult one, 
because of the great increase in chemical knowledge during the past fifty 
years The subjects of general chemistry, qualitative analysis and quan¬ 
titative analysis, physical chemistry, and organic chemistry as they were 
taught fifty years ago were extensive enough and difficult enough to keep 
a student busy throughout his four years as an undergraduate. A modern 
chemist must know a good bit not only about these subjects, but also 
about mathematics, physics (including atomic physics), colloid chem¬ 
istry instrumental analysis, biochemistry, structural chemistry (crystal 
structure, molecular structure, etc.), statistical mechanics and other 
subjects; and in addition the basic chemical subject' themselves, such as 
physical chemistry and organic chemistry, have developed greatly during 
the half century since 1900. University and college teachers of chemistry 
are now facing the difficult situation that has resulted from die progress 
of science. A decision must be made as to how to solve the P^blenv 
The introduction of new general principles through the developmen. 

of theoretical chemistry has made it possible to leave ^^culla 
material formerly included in the first-yea. course. In particular, a 
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Preface to the Second Edition 

smaller amount of time can now be devoted to learning the facts of de¬ 
scriptive chemistry, because many of these facts have been correlated and 
systematized by new principles. Some of the non-mathematical parts of 
modem science, especially the descriptive aspects of atomic and molecu¬ 
lar structure, can then be introduced during the first year. A part of 
elementary physical chemistry can also be treated during the first year, 
leaving time in later years for more advanced parts of this subject to be 
discussed. Some of these topics may be discussed with such thoroughness 
in the general chemistry course that they need not be taken up again in 
later courses, except for review or for amplification by more mathemati¬ 
cal treatment. 

In preparing the second edition of General Chemistry I have attempted 
to carry out this plan. Two new chapters dealing with atomic physics 
have been introduced, Chapters 3 and 8. In these chapters there is given 
a rather thorough discussion of the discovery of X-rays, radioactivity, the 
electron, and the atomic nucleus, the nature and properties of the elec¬ 
tron and the nucleus, the quantum theory, the photoelectric effect and 
the photon, the Bohr theory of the atom, the somewhat changed picture 
of the atom provided by quantum mechanics, and related aspects of 
atomic science. The first-year student may learn how to calculate the 
amount of energy in a photon of light of given wavelength, and to predict 
whether or not the absorption of light of this wavelength by a molecule 
could result in dissociation of the molecule into atoms. A somewhat more 
detailed discussion of some parts of elementary physical chemistry is pre¬ 
sented than was given in the first edition. A chapter on biochemistry has 
been introduced. The discussion of the chemistry of metals has been 
extensively revised. This discussion now begins with a chapter on the 
nature of metals and alloys and the methods of winning and refining 
metals. There follow three chapters on the chemistry of the transition 
metals: one on scandium, titanium, vanadium, chromium, and man¬ 
ganese and their congeners, a second on iron, cobalt, nickel, and the 
platinum metals, and a third on copper, zinc, gallium, and germanium 
and their congeners. Most of the other chapters have been revised to 
some extent. 


I am indebted for aid in the preparation of this edition to many of my 
colleagues and to many teachers of chemistry who have written to me or 
spoken to me about the problems of teaching the first-year chemistry 
course, and I am glad to express my gratitude to them. ^ 


Pasadena , California 
28 February 1953 


LINUS PAULING 



Preface to the First Edition 


Chemistry is a very large subject, which continues to grow as new ele¬ 
ments are discovered or made, new compounds are synthesized, and 
new principles are formulated. Nevertheless, despite its 
ence can now be presented to the student more easily and effectively 
than ever before In the past the course in general chemistry has neces- 
^ . nded to be a patchwork of descriptive chemistry and certain 

than former'y- now knows about at0 ms, an d accepts them 

or ex p , atomic bomb and in the comic 

as part of his world-they are split th|> book , begin «hc 

Sssssis 

An order of presentation of topics has b e Atl( . r thc intro- 

to permit the straightforward dcve opm d f , hcir at0 mic 

ductory discussion of the properties of substances ana 
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and molecular structure and the survey of descriptive chemistry in rela¬ 
tion to the periodic table of the elements, there are given thorough dis¬ 
cussions of weight relations in chemical changes, valence and electronic 
structure, and oxidation-reduction reactions. The first detailed chapter 
of descriptive chemistry deals with chromium and manganese and their 
congeners. These elements have been selected for this prominent place 
because their chemistry is very interesting, and should hold the attention 
of the student, and also because they provide excellent examples of 
oxidation-reduction reactions. The remaining chapters deal with descrip¬ 
tive chemistry and theoretical subjects in a suitable sequence. 

The principal theoretical chapters, especially those concerned with 
the properties of gases, reaction rates, chemical equilibrium, and thermo¬ 
chemistry, are presented in enough detail to provide a satisfactory basic 
training for students majoring in chemistry. Large parts of these chapters 
may be omitted in courses for those students not majoring in chemistry. 

I am indebted for assistance in various ways in the preparation of the 
book to Dr. Philip A. Shaffer, Jr., Dr. Norman Davidson, Prof. Ernest 
H. Swift, Mr. Linus Pauling, Jr., Mr. Peter J. Pauling, Mr. Eugene 
Maun, and especially Mr. Roger Hayward, the illustrator, and Mr. 
William H. Freeman, the publisher. I also thank Dr. R. W. G. Wyckoff, 
Dr. D. S. Clark, Dr. S. Kyropoulos, the Malleable Founders’ Society, 
and the Griffith Observatory for providing figures. The book might well 
be dedicated to the freshmen students at the California Institute of 
Technology during the past seven years, who have collaborated with 
me in putting it to practical test. 

LINUS PAULING 

Pasadena , California 
11 April 1947 
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Chapter i 


The Nature and 
Properties of Matter 


1-1. Matter and Chemistry 

The univ.se is composed 

SKOT- V ions 
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2 The Nature and Properties of Matter [Chap. 1) 

structure, in terms of molecules, atoms, and still smaller particles. 
Structure has to do with the particles that go to make up all matter, 
and that through their interactions with one another give individuality 
and variety to matter. We shall launch upon the study of structure in 
the next chapter. 


Kinds of Matter. As we look about us, we observe many different 
kinds of matter. We see a desk that is constructed mainly of wood, an 
organic material. The bracket holding up the arm of the desk is of iron; 
iron is a metal, and it is an elementary substance, one of the ninety- 
eight known chemical elements. The doorknob on the door is made of 
brass; brass also is a metal, but it is not an element: it is, instead, an 
alloy of the two elementary metals copper and zinc. The light fixtures 
are made of aluminum, copper, brass, tungsten, glass, fluorescent sub¬ 
stances, mercury vapor, and several other materials. The student sitting 
at the desk is composed of matter of a great many different kinds. 

With a microscope we can see the cells of plant and animal organisms, 
such as the red cells of the blood, which are about 0.001 cm in diameter 
(10”* cm). With the electron microscope virus particles (virus mole¬ 
cules) 10”* cm in diameter can be seen, and by means of the diffraction 
of X-rays and electron waves molecules and atoms approximately 10“® 
cm in diameter can be studied. The physicists have, in fact, succeeded 
in investigating electrons, protons, neutrons, and other particles that 
are only about 10“ u cm in diameter; these are the smallest particles 
of matter that have as yet been discovered (Fig. 1-1). 

The astronomers have obtained much information about matter out¬ 
side of the earth. They have found that helium, sodium, calcium, hydro¬ 
gen, and many other elements are present in the sun and other stars, 
and that ammonia, methane, and other substances are present in the 
atmospheres of the planets. They have found that matter is present in 
some stars in a very dense form: the density of one star, the companion 
of Sirius, is* 61,000 g/cm*, or about one ton per cubic inch. In inter¬ 
stellar space, on the other hand, the concentration of matter is very 
small: it has been estimated to be about one atom per cubic centimeter, 
which corresponds to about 10-° g/cm'. We have knowledge about the 
nature of matter in the very distant nebulae, a billion light-years away- 
separated from us by what seems to be the radius of the universe, 10 n cm. 


i gra ™P er centimeter. An alternative .ymbol i, g em—. 
' ymbo1 ”“ vb<UKd for combination, of unit.; for complex one. the 

|ymbol. wth negative exponent, are preferred, becau~ they are ta. 'liable to L nTt ZZ- 
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FI G. 1 -1 A diagram showing dimensions oj objects, from 10 '- cm {the nucleus 
of an atom) to 1(T cm (i the radius of the known universe). 
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The Nature and Properties of Matter [Chap. 7] 

The chemist is interested in matter in all of its forms—in the minerals, 
drugs, fuels, building materials, and living organisms on earth, in the 
minute particles 10-“ cm in diameter that combine with one another 
to form atoms and molecules, and in the distant nebulae a million light- 
years in diameter, that can be studied only by means of the light that 
reaches the earth and is collected onto a photographic plate by the 
paraboloidal mirror of a giant telescope. 

Matter and Energy. Matter has mass, and any portion of matter on 
the earth is attracted toward the center of the earth by the force of 
gravity; this attraction is called the weight of the portion of matter. 
In addition to matter, the universe also contains energy, in the form of 
light (radiant energy). For many years scientists thought that matter 
and energy could be distinguished through the possession of mass by 
matter and the lack of possession of mass by energy. Then, early in the 
present century (1905), it was pointed out by Albert Einstein (born 
1879) that energy also has mass, and that light is accordingly attracted 
by matter through gravitation. This was verified by astronomers, who 
found that a ray of light traveling from a distant star to the earth and 
passing close by the sun is bent toward the sun by its gravitational 
attraction. The observation of this phenomenon was made during a 
solar eclipse, when the image of the star could be seen close to the sun. 

The amount of mass associated with a definite amount of energy is 
given by an important equation, the Einstein equation: 

E = me 1 (1-1) 

In this equation E is the amount of energy, m is the mass, and c is the 
velocity of light. The velocity of light, r, is one of the fundamental con¬ 
stants of nature;* its value is 2.9979 X 10 10 cm/scc. 

Until the present century it was also thought that matter could not 
be created or destroyed, but could only be converted from one form 
into another. In recent years it has, however, been found possible to 
convert matter into radiant energy, and to convert radiant energy into 
matter. The mass m of the matter obtained by the conversion of an 
amount E of radiant energy or convertible into this amount of radiant 
energy is given by the Einstein equation ( 1 - 1 ). Experimental verifica¬ 
tion of the Einstein equation has been obtained by the study of processes 
involving nuclei of atoms. The nature of these processes will be described 
in later chapters in this book. 

The units of the quantities in the Einstein equation as written are 

• The symbol < represents ,hc velocity of light in a vacuum (empty space). 
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those of the metric system (the ccntimeter-gram-second system). If m 
is given in g (grams) and c in cm/sec (centimeters per second), then the 
numerical value of me 2 is the value of the energy E in ergs. 

Until the present century scientists made use of a law of conservation 
of matter and a law of conservation of energy. These two conservation 
laws must now be combined into a single one, the law of conservation 
of mass, in which the mass to be conserved includes both the mass of 
matter in the system and the mass of energy in the system. However, 
for ordinary chemical reactions we may still make use of the “law” of 
conservation of matter—that matter cannot be created or destroyed, 
but only changed in form—recognizing that there is a limitation on the 
validity of this law: it is not to be applied if one of the processes involv¬ 
ing the conversion of radiant energy into matter or matter into radiant 
energy takes place in the system under consideration. 

Let us now consider again the two definitions given at the beginning 
of this chapter. We see that the statement that matter comprises all the 
substances of which the universe is composed is not really a definition 
until we have defined substances. Einstein’s theory of relativity, which 
led to the relation between mass and energy, also provided a satisfactory 
definition of matter. According to the theory of relativity, matter com¬ 
prises everything in the universe that has mass when it is standing still 
this mass is called its rest mass. Additional energy (kinetic energy) is required 
to cause a portion of matter to move. The mass of the moving portion 
of matter is greater than the rest mass by an amount determined by 
the kinetic energy, according to Equation 1-1. According to the theory 
of relativity, it is impossible for any portion of matter to be accelerated 
to the speed of light. Light itself is considered to consist of bundles 
(quanta) of energy (these quanta of energy are also called photons ), which 
can move only at the speed of light, and which have no rest mass. The 
nature of light will be discussed in detail in Chapter 8. 

Example 1. When 1,000 g of uranium 235 undergoes nuclear fission, 
as in the detonation of an atomic bomb, the amount 8.23 X 10“° ergs of 
energy is given ofL What is the mass of the material products of the 

reaction? ... 

Solution. We can calculate the mass of the energy that is given 
off (as radiant energy-light, gamma rays, etc.) by the use of the 
Einstein equation (1-1). Rewriting this equation by dividing each 
side by c 2 , we obtain 
E 
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The Nature and Properties of Matter [Chap. 1] 

The value of ^ is (3 X 10" cm/sec)’ - 9 X 10- cm*/**’. 
Hence we obtain 


8.23 X 10“crgg. - n01Sff 
m 9 X 10*° cmVsec 1 

Accordingly, the amount of mass sent out in the formofr^lant 
energy is 0.915 g. Subtracting this from the mass 1,000 g of the 
original material, uranium, we obtain 999.085 g as the man of 
the material products of the reaction. In this nuclear reactmn, 
which will be discussed in detail in the last chapter of the book, 
nearly 0.1% of the matter has been converted into radiation. 

The Einstein relation between mass and energy has been verified 
by the direct measurement of the mass of the products and of the 
energy emitted, in nuclear reactions of this sort. 


Example 2. It is found by experiment that when 1,000 g glyceryl 
trinitrate (nitroglycerine) is exploded, the amount 8.0 X 10 ergs of 
energy is liberated. What is the mass of the products of the explosion? 
Solution. This example is to be solved in exactly the same way 
as the preceding one. The mass of the radiant energy that is pro¬ 
duced by the explosion is obtained by dividing the energy E by 
the square of the velocity of light, c* = 9 X 10*°: 


« - f “ 80 * x ^ = 0-89 X 10-’g 

Thus wc calculate that the mass of the products of the explosion 
is 999.999999911 g. 

Accordingly, the' mass of the products of this chemical reaction 
differs very slightly from the mass of the reactant—so slightly 
that it is impossible to measure the difference experimentally. 
The amount of mass that has been converted into energy in the 
explosion of glyceryl trinitrate is calculated above to be only one 
ten-billionth of the original mass. This quantity is so small that 
we may say, for practical purposes, thac there is conservation of 
mass (conservation of matter) in ordinary chemical reactions. 


Unit* of the Metric System. The mass of an object is measured in terms of grams (g) 
or kilograms (kg), the kilogram being equal to 1,000 g. The kilogram is defined as the 
mass of a standard object made of a platinum-iridium alloy and kept in Paris. One pound 
is equal approximately to 454 g, and hence 1 kg is equal approximately to 2.2 lb. Note 
that it has become customary in recent years for the abbreviations of units in the metric 
system to be written without periods. 
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The metric unit of length is the meter (m), which is equal to about 39.37 inches. 
The meter is defined in terms of a standard meter, of platinum-iridium, kept in 
Paris. The centimeter (cm), which is 1/100 m, is about 0.4 inch, the inch being equal to 
2.54 cm. The millimeter (mm) is 1/1,000 m or 1/10 cm. 

The metric unit of volume is the liUr (1), which is approximately 1.06 U.S. quarts. 
The milliliter (ml), equal to 1/1,000 1, is usually used as the unit of volume in the meas¬ 
urement of liquids in chemical work. The milliliter is defined as the volume occupied 
by 1 g of water at 3.98° C (the temperature at which its density is the greatest) and under 
a pressure of one atmosphere (that is, the normal pressure due to the weight of the air). 

At the time when the metric system was set up, in 1799, it was intended that the 
milliliter be exactly equal to the cubic centimeter (cm*). However, it was later found 
that the relation between the gram, as given by the prototype kilogram, and the centi¬ 
meter, one one-hundredth of the distance between two engraved lines on a standard 
platinum-iridium bar (the prototype meter kept in Paris by the International Bureau 
of Weights and Measures), is such that the milliliter is not exactly equal to the cubic 
centimeter, but is, instead, equal to 1.000027 cm*. It is obvious that the distinction be¬ 
tween ml and cm* is ordinarily unimportant. 

Unit* and Dimensions. We have stated above that the Einstein equation E - me 
is correct when m is expressed in grams, e in centimeters per second, and E in ergs. These 
quantities—grams, centimeters per second, and ergs—arc called the unts of m, r, E, 


'TthcruniU might be used; for example, the mass might be expressed in pounds, the 
velocity of light in miles per second, or miles per hour, and the energy in calorics or in 
some other energy unit. However, if other units were to be used for these quantities, 
it might be necessary to introduce a numerical factor into the equation The unit* of 
the metric system were chosen in such a way as to make the numerical factors in the 
important equations of physics and chemistry as simple as possible; in this case, the 
case of the Einstein equation, the numerical factor has the value 1. 

It is interesting to note that energy can be expressed in terms of units g cm sec . 
There is another well-known equation of physic, which involves the same sort of rela¬ 
tionship. This is the equation expressing the kinetic energy of a moving particle in terms 
of its mass and its velocity, as given by Newton’s laws of motion. The equation is 


kinetic energy «= 'Arm? 

The velocity, a, of a particle may be expressed, in .he metric system, in uniia cm/«o- 
it is the quotient of the dislance traversed by the panicle and .he ..me required for 
traversing this dislance. Accordingly, die unils of kine.ic energy in the metric sys.em 
are g cm 1 sec-. In die kinetic-energy equation diere occurs die numerical factor A- 
No mailer what units are used, an equation for a quantity of energy must a ways 
involve mass, length, and time in die following way, in which die square bracken, 
used to indicate the Jimauiml of die quantity within the brackets. 

(energy] ~ [miss](length)>[lime]-* 

This equation say. that the dimensions of energy are equal to the dimensions of:mass 
times the dimensions of length squared times the dimensions of time with the exponent 
-2 (that is, divided by the dimensions of time squared). ... 

It is good to develop the habit of checking the units and dimensions m the equations 

that you use. 
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1-2. Kinds of Matter 

We shall first distinguish between objects and kinds of matter. An 
object, such as a human being, a table, a brass doorknob, may be made 
of one kin'd of matter or of several kinds of matter. The chemist is pri¬ 
marily interested not in the objects themselves, but in the kinds of mat¬ 
ter of which they are composed. He is interested m the alloy brass, 
whether it is in a doorknob or in some other object; and, indeed, his 
interest is primarily in those properties of the material that are inde¬ 
pendent of the nature of the objects containing it. 

The following sentences indicate the accepted scientific usage of 
words that designate different kinds of matter. 

Materials. The word material is used in referring to any kind of matter, 
whether homogeneous or heterogeneous. _ 

A heterogeneous material is a material that consists of parts with 
different properties. A homogeneous material has the same properties 
throughout. 

Wood, with soft and hard rings alternating, is obviously a hetero¬ 
geneous material, as is also granite, in which grains of three different 
species of matter (the minerals quartz, mica, and feldspar) can be seen. 

Substances. A substance is a homogeneous species of matter with reasonably 
definite chemical composition. 

Pure salt, pure sugar, pure iron, pure copper, pure sulfur, pure water, 
pure oxygen, and pure hydrogen arc representative substances. On the 
other hand, a solution of sugar in water is not a substance, according 
to this definition: it is, to be sure, homogeneous, but it docs not satisfy 
the second part of the above definition, inasmuch as its composition is 
not definite, but is widely variable, being determined by the amount of 
sugar that happens to have been dissolved in a given amount of water. 
Similarly, the gold of a gold ring or watchcase is not a pure substance, 
even though it is apparently homogeneous. It is an alloy of gold with 
other metals, usually copper, and it consists of a crystalline solution 
of copper in gold. The word alloy is used to refer to a metallic material 
containing two or more elements: some alloys are substances (inter- 
metallic compounds), but most of them are crystalline solutions or 
mixtures. 

Sometimes (as in the first section of this chapter) the word “substance” 
is used in a broader sense, essentially as equivalent to material. Chemists 
usually restrict the use of the word in the way given by the definition 
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above. The chemist’s usage of the word substance may be indicated 
by using the phrase “pure substance.” 

Our definition is not precise, in that it says that a substance has 
reasonably definite chemical composition. Most materials that the chem¬ 
ist classifies as substances (pure substances) have definite chemical 
composition; for example, pure salt consists of the two elements sodium 
and chlorine in exactly the ratio of one atom of sodium to one atom of 
chlorine. Others, however, show a small range of variation of chemical 
composition; an example is the iron sulfide that is made by heating 
iron and sulfur together. This substance has a range in composition 
of a few percent. A discussion of substances with variable composition 
is given in Chapter 7. 


Kinds of Definition. Definitions may be cither precise or imprecise. The mathe¬ 
matician may define the words that he uses precisely; in his further discussion he then 
adheres rigorously to the defined meaning of each word. We have given some precise 
definitions above. One of them is the definition of the kilogram as the mass of a standard 
object, the prototype kilogram, that is kept in Paris. Similarly, the gram is defined rig- 
orously and precisely as 1/1,000 the mass of the kilogram. 

On the other hand, the words that arc used m describing nature, which is itself com¬ 
plex, may not be capable of precise definition. In giving a definition for such a word 
the effort is made to describe the accepted usage. 


Mixtures and Solutions. A specimen of granite, in which grains of 
three different species of matter can be seen, is obviously a mixture. 
An emulsion of oil in water (a suspension of droplets of oil in water) is 
also a mixture. The heterogeneity of a piece of granite is obvious to 
the eye. The heterogeneity of an emulsion containing large drops of oil 
suspended in water is also obvious; the emulsion is clearly seen to be a 
mixture. But as the oil droplets in the emulsion are made smaller and 
smaller, it may become impossible to observe the heterogeneity of the 
material, and uncertainty may arise as to whether the material should 
be called a mixture or a solution. 

An ordinary solution is homogeneous; it is not usually classified as a 
substance, however, because its composition is variable. A solut.on of 
liquids, such as alcohol and water, or of gases, such as oxygen and 
nitrogen (the principal constituents of air), may also be called a mixture. 
The word “mixture" may thus Ik- used to refer to a homogeneous ma¬ 
terial that is not a pure substance or to a heterogeneous aggregate of 
two or more substances. 

A homogeneous crystalline material is not necessarily a pure sub- 
stance. Thus natural crystals of sulfur arc sometimes deep-yellow or 
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brown in color, instead of light-yellow. They contain some selenium 
distributed at random throughout the crystals in place of some of the 
sulfur, the crystals being homogeneous, and with faces as well formed 
as those of pure sulfur. These crystals are a crystal!,™ solution (or solid 
solution). The gold-copper alloy used in jewelry is another example ot 
a crystalline solution. It is a homogeneous material, but its composition 
is variable. 

Phases. A material system (that is, a limited part of the universe) 
may be described in terms of the phases constituting it. A phase is a 



I'lG. 1*2 A photomierngraf : (linear magnification 1(H) X — that is y mag¬ 
nified by a linear factor oj 100) of a polished and etihed surjaie if a specimen 
of malleable cast iron, showing small grains of iron and roughly spherical 
particles of graphite {carbon,. (From Malleable Founders' Society.) The 
grains of non look somewhat difftienl from one another because of dijferent 
illumination. 


homogeneous port of a system , separated from other parts by physical boundaries. 
lor example, il a ilask is partially lull o! water in which ice is floating, 
the system comprising the contents of the Had; consists of three phases, 
the solid phase ice, the liquid phase water, and the gaseous phase air! 
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^r^3°rr, —*■*«—^ 

but only one phase, the ice phase. 

Constituents and Component,. Chemists use the words constituent and 

component in special way*- conrfttote /As system. 

TAs constituent, of a of substances (the minimum number 

A set of components / sy rnnstituents ) 0 f the system could be made, 
of substances) from winch the phases the diree phases 

The constituents of die system ^ ^ m bc 

air, water, and ice. The comp °" c " because the water phase and the 
either air and water or a,rand,ct, ^ . 

In thisMcasMhe^nuJ* l b® r of componenuJ^lcM^anjhe jumber^ofjjhases-^ 

-«. - - 

components, sugar and water. 


1-3. The Physical Properties of Substances 

. .• _ 


Propertie, of substances are tAWrrAaractertetec ^ ^ cxa mple of a 

Sodiu m chloride -mmon^ai ^ ^ ^ ^ differ . 

substance. Wehaveah se^ ^ thc form of crystals a quarter 

ent forms—table salt, m & regenerating water-softening minerals 

of an inch in diameter, for ^'" fndnatural crystals of rock salt an 
or with ice for *««««“• ^ difference, all of the- sam- 
inch or more across. P f|infiamcnta i properties. In each case the crys- 
ples of salt have the same . square or rectangular faces, of 

tals, small or large, arc angles to each adjacent 

««■—» Sortie, m different directions in 

face. Thc possession of diffe P P ^ cornefS _ h characteristic of 

particular thc format,on ' crystals Q f salt is thc same: when 

^td The' cS always break (cleave) along planes parallel to the 

^ ^ dacrib ed as a component of thc system. In dis- 

• In the above discu*.on ^ t^va in the «unc way that nitrogen 
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original faces, producing smaller crystals similar>to the iarger ones. 
Thc^ifferent samples have the same salty taste. Their ^lubxhty is the 
same: at room temperature (18° C) 35.86 g of salt can be delved in 
100 g of water. The density of the salt is the same, 2.163 g/cm 

Properties of this sort, which are not affected appreciably by the 
size of the sample or its state of subdivision, are called the specific prop- 
erties of the substance represented by the samples. 

There arc other properties besides density and solubility that can be 
measured precisely and expressed in numbers. Such another property 
is the melting point , the temperature at which a crystalline substance 
melts to form a liquid. The electric conductivity and the thermal conductivity 
are similar properties. On the other hand, there are also interesting 
physical properties of a substance that .arc not so simple in nature. One 
such property is the malleability of a substance—the case with which 
the substance can be hammered out into thin sheets. A related property 
is the ductility —the ease with which the substance can be drawn into a 
wire. Hardness is a similar property: we say that one substance is less 
hard than a second substance when it is scratched by the second sub¬ 
stance, but this test provides only qualitative information about the 
hardness. A discussion of hardness is presented in Chapter 6. 

The color of a substance is an important physical property. It is inter¬ 
esting to note that the apparent color of a substance depends upon its 
state of subdivision: the color becomes lighter as large particles arc 


ground up into smaller ones. 

It is customary to say that under the same external conditions all 
specimens of a particular substance have the same specific physical 
properties (density, hardness, color, melting point, crystalline form, etc.). 
Sometimes, however, the word “substance** is used in referring to a 
material without regard to its state of aggregation; for example, ice, 
liquid water, and water vapor may be referred to as the same substance. 
Moreover, a specimen containing crystals of rock salt and crystals of 
table salt may be called a mixture, even though the specimen may con¬ 
sist enurely of the one chemical substance sodium chloride. This lack 
of definiteness in usage seems to cause no confusion in practice. 

The concept “substance” is. of course, an idealization; all actual 
substances are more or less impure. It is a useful concept, however, be¬ 
cause we have learned through experiment that the properties of various 
specimens of impure substances with the same major component and 
different impurities are nearly the same if the impurities arc present in 
only small amounts. These properties arc accepted as the properties of 
the ideal substance. 
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1-4. The Chemical Properties of Substances 

The chemical properties of a substance are those properties that relate to 
its participation in chem.cal reactions. Chemrcal react,ons are the processes 

^Th^odTum boride hi the property of changing into a soft metah 

mmmm, 

property of combining vT.'th chronuun, and nickel (stainless steel" 

rust; whereas an alloy at jron w. n from this example 

JS. £5+SZZE- —- *—- - ,ta -* 

nature of substances, an ^ animals are the chemical senses. 

the senses of smell and last p V the way in which the 

There is still complete lack of knowledge ^ ^ ^ cnd . 

molecules of tas, y and produce the sensations of taste and 

ings in the mouth and P ^ ^ molecular basis of the action 

^rSHhat awaits solution by the younger generate of 

chemists. 

1-5. The Scientific Method 

An important reason lor S ‘ udy ^ in the 

in other ^ “ »' ■**• o' 

in » lew p.™pnpi« i ' tii^ing of the tolloveing chapter, and .n 
which is amplified at 8 ^ scientific method consists, in 

later chapters. Here I m y V . ^ of rigorous argument that are 

part, of the application o P ( the dcduct i on of sound conclu- 
developed in mathematic j n a branch of mathematics the 

sions from a set of and die entire subject is then 

In teience, and in other heid, ol hnrn.n 
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activity, the basic postulates (principles, laws) are not known but must 
be dCovered. The process of discovering these laws is called induction. 
The first step in applying the scientific method consists in finding some 
facts, by observation and experiment. In our science these are th 
facts of descriptive chemistry. The next step is the class.fication and cor¬ 
relation of many facts by one statement. Such a general statement, 
which includes within itself a number of facts, is called a teii-sometunes 


a law of nature. . , . 

For example, when it was discovered, early in the nineteenth century, 

that water could be decomposed into hydrogen and oxygen by electroly¬ 
sis (the action of an electric current), quantitative measurements of the 
amounts of hydrogen and oxygen were made. It was found in one 
experiment that 9 grams of water on electrolysis produced 1 gram of 
hydrogen and 8 grams of oxygen. This fact, for a particular specimen 
of water, was then amplified by additional facts, that the same amount 
of hydrogen, 1 gram, and the same amount of oxygen, 8 grams, were 
obtained by the electrolysis of 9 grams of water from other sources— 
rain water, sea water, water obtained by burning hydrogen in oxygen, 
etc. After many experiments of this sort had been made, all giving 
the same result, the facts were summarized in a law, that all samples 
of water give on electrolysis the same relative amounts of hydrogen 
and oxygen. When similar results were obtained for other chemical 
substances, this law was generalized into the law of constant composi¬ 
tion (or law of definite proportions): in every pure sample of a given 
compound, the elements are present in the same proportion by weight. 

It must be pointed out that the process of induction is never com¬ 
pletely reliable. If one hundred analyses of water are made, by weigh¬ 
ing the amour* of hydrogen and oxygen obtained by electrolysis of 
samples of wai. . btained from different sources, and the same propor¬ 
tion by weigl * hydrogen to oxygen is found to within the limits 
of accurarv of e experiments, it would seem to be reasonably well 
justified tc tate tnat all samples of water have the same ratio of hydro¬ 
gen to ox) *n by weight. If a thousand analyses were made, with the 
same result, it would seem still more likely that this law is valid. How¬ 
ever, if a single reliable analysis were then to be made which gave a 
different ratio, the law would have to be modified. It might turn out 
that the law is valid if the weighings of the gases arc made with an 
accuracy of 0.1%, or 0.01%, but not if the weighings are made with 
still greater accuracy. This has, in fact, been found to be the case for 
water. In 1929 Professor William F. Giauque of the University of 
California at Berkeley discovered that there arc three different kinds 
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of oxygen atoms, with different masses (these atoms arecaUed isotopes; 
see Chap. 4), and shortly thereafter Professor Harold C Urey discov¬ 
ered that there are two kinds of hydrogen atoms, with different masses. 
Water consisting of molecules made with these different kinds of hydro¬ 
gen atoms and oxygen atoms contains hydrogen and oxygen in different 
ratios by weight, and it has been found that the composiuon by weight 
ofpme^from different natural sources is, in fact, slighdy different. 
It has accordingly become necessary to rev.se the law of constant com- 
... - e.irh a wav as to take into account the existence of these 
Isotopic forms of atoms. The way in which this is done is described in 

C ‘on«fimportant way in which progress has been made in science is 
through a process of successive approximations. Some measurements are 
mlde with f certain precision, such as the measurements of the compo- 
“Zs of substances v£th accuracy of 1%, and a rough law js fomiulated 
that encompasses all of these measurements, It .may then 

T hCn "foLdTo^xht'TreS moreTefined'bu. more complicated 
aw may then be formulated to include these deviations^ This procedure 
may'have been earned out several times in the course of the formulation 

the routine use g escaped notice until a scientist with 

tzzrszrizzzz* «. ^ 

part in the scientific ■ sound undcrsta nding of the nature 

As more and more^people_ g f>" in ^ solu(ion of the 

of die scienti c met hope f or an improvement in the 

problems of everyday hf^ of (hc world . Technical prog- 
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Exercises 

Ust the names of some chemical substances that you know. Doe. ycntr pre*tnt 
knowledge of chemistry permit you to identify some of the* as elements? 

1-2. Describe a chemical phenomenon that you have seen in everyday life. 

1-3 Give the name of a chemical compound used in medicine. Do you know what 
elements it is made of? Do you know how it is made or from what natural source 

it is obtained? 

1-4 The sun is 864,000 miles in diameter, and its average density ir 1.4 g/cm*. 
Calculate the mass of the fun, in grams. Also calculate the mass of the mterstcUar 
matter in the spherical volume of space about the sun, with radius two light- 
years (half the distance to the nearest star), assuming the density of matter in 
interstellar space to be 10 "“ g/cm*. 

1-5. An object with mass 1 g is accelerated until its velocity is 3 X 10* cm/sec (that 
is, to one-tenth the velocity of light). Using the Einstein equation, calculate 
the mass of the moving object. Note that the total energy E is equal to the Energy 
of the object when it is standing still (which is met*, where m 0 is the rest mass, 1 g) 
plus the quantity *W*, the kinetic energy of the moving particle. This ex¬ 
pression for the energy of the particle is only approximately correct; a large 
error would be introduced if the velocity p became close to the velocity of light, c. 

1-6. A flask contains a saturated solution of salt and several crystals of salt, (a) How 
many phases are present in the system contained within the flask? (b) State for 
each phase whether it is a pure substance oi a mixture, (c) What are the con¬ 
stituents of the system? (d) Give a set of components for the system. 

1-7. A piece of pure zinc weighing 10 g is placed in a quartz tube with volume 
100 ml. The tube is then evacuated (all the air in it is pumped out), and is scaled 
off. It is then heated until about half of the zinc is melted. Answer questions 
a, b, c, and d of the preceding exercise, for this system. 

1-8. Can you answer questions a. b, c, and d of Exercise 1-6 for the system like that 
in Exercise 1-7, but made with a 10-g sample of an alloy of copper and gold, 
instead of a 10-g sample of zinc? 

1-9. Arc scientific laws in general based on inductive logic or on deductive logic? 
Explain the difference between inductive and deductive logic. 

1-10. What is the limiting factor of the validity of deductions from a scientific law? 

1-11. Is the scientific method useful in any endeavor other than the study of the 
sciences? Can you give an example, if your answer is yes? 

1-12. What is meant by “specific property of a substance”? Are odor, shape, density, 
color, weight, taste, luster, and area specific properties? Which of these are 
properties that can be quantitatively measured? 

1-13. Can a homogeneous mixture be said to have any specific properties? Can a 
heterogeneous mixture be said to have any specific properties? 

1-14. Can you prove by one experiment or one observation that a specimen of material 
is a mixture? that it is a pure substance? 
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Reference Books 

Further information about descriptive chemistry may be obtained from textbook, and 
treatises such as the following: 

M. C. Sneed and J. L. Maynatri, Central Iconic Chemutry. D. Van Nostrand Co., 
New York, 1942. 

F. Ephraim, Inorganic Chemistry, Gurney and Jackson, London, 1934. 
j. H. Hildebrand and R. E. PoweU, Principles of Chemistry, The Macmillan Co., New 
York, 1952. 

W. M. Latimer and J. H. Hildebrand, Reference Book of Inaegamc Chemistry, The Mac 
millan Co., New York, 1951. 

Much t«eful information is tabulated in the following handbooks. 1. is suggested that 
the student majoring in chemistry obtain a copy of one of them. 

Charles D. Hodgman (Editor-in-Chief), Handbook of Chemist and Physus, Chemtcal 
Rubber Publishing Co., Cleveland, Ohio. 

N. A. Lange, Handbook of Chemistry, Handbook Publishers, Sandtuky, Ohm. 

Detailed information about the elements and ino^anic impounds may be found in 
comprehensive treatises; the greatest of these in Engl is 

j. w. Mellor, d Comprehensioe Treatise on Inorganic and Theoretical Chumistry, Imngmans, 
Green and Co., New York, 1922-1937. 

You may read about the history of chemistry in the following books: 

Alexander Findlay, One Hande.d Year, of Chemist.ry. The Macmillan Co., New York, 

1948 

Mary E. Weeks, Discovery of the Elements, Journal of Chemical Education, Easton, Pa., 

1945. 

H. N. Smith, Torchhearer, of Chemistry, Academic Press, New York, 1949 
Bernard Jaffe, CnscibUs: The Story of Chemistoy from Ancient Alchemy to Nuclear Fission, 
Simon and Schuster, New York, 1948. 

F. J. Moore (revised by W. T. Hall), d HisUny of Chemistry, McGraw-H.il Book Co., 

J^B^nTo. unders.nd.ng Science: An Historical Approach. Yale Univcity Press, 
New Haven, Conn., 1948. 

For the chemistry of stars, planets, comets, interstellar space, etc., see 
R. H. Baker, Astronomy, D. Van Nostrand Co., New York, 1950. 

. , . ■ lounujl of Chrmical Eduction and in the 

SrS C^l articles in the Encyclopaedia Beitannlca are excellent. 
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Atoms, Molecules, 
and Crystals 


2 - 1 . Hypotheses, Theories, and Laws 

Chemistry deals with the properties of many thousands of substances. 
As the years go by, many new substances arc discovered in nature or 
are made in the laboratory, and many new phenomena are observed. 
These new discoveries and observations make the science of chemistry 
broader; nevertheless, the science has not become harder to learn in 
recent years. It has, indeed, become easier, because the facts of chem¬ 
istry are being more and more effectively correlated and systematized 
by theories. 

When it is first found that a picture or a mathematical equation 
explains or correlates a number of empirical facts, the picture or equa¬ 
tion, representing a provisional conjecture, is called a hypothesis. A 
hypothesis may be subjected to further tests and experimental checking 
of deductions that may be made from it. If it continues to agree with 
the results of experiment, the hypothesis is dignified by the name of 
theory or law. 

A theory usually involves some idea about the structure of the uni¬ 
verse, whereas a law may be a summarizing statement about observed 
experimental facts. For example, there is a law of the constancy of inter- 
facial angles of crystals. This law states that when the angles between 
corresponding faces of various crystals of a pure substance are meas¬ 
ured, they arc found to have the same value. This law simply expresses 
the fact that the angles between corresponding faces on a crystal of a 
pure substance are found to have the same value whether the crystal 
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is a small one or a large one, or was grown in England or in California; 
it does not in any way explain this fact. An explanation of the fact .s 
given by the atomic theory of crystals, the theory that in crystals the 
atoms are arranged in a regular order (as described later m this chapter^ 

It may be mentioned that the word “theory .s used in two somewhat 
different senses by scientists. The first meaning of the word is that de¬ 
scribed above—namely, a hypothesis which has been verified to some 
extent. The second use of the word “theory” is to represent a systematic 
body of knowledge, compounded of facts, laws, ‘heo^s m the hmu^ 
sense described above, deductive arguments, etc. Thus by atomic 
theory” we mean not only the idea that substances are composed of 
atoms but also all the facts about substances that can be explained 
and interpreted in terms of atoms, and the arguments that Ilave been 
developed to explain the properties of substances in terms of their atomic 

Theories and laws are of very great value in simplifying science. 

A knowledge of Newton’s laws of motion provides a knowledge of 
the behavior of countless mechanical systems, such as a falling ball a 
• • rhr solar svstem. a derrick or similar machine. This 

to be made of how a system 

wUl behave even before it has been constructed or thoroughly studied 

, , mA in rlrtail The theories and laws of chemistry arc not so 
and 0bS Td l"cttlose Of physics. This fact perhaps makes the sub- 
iecTtf chemistry a little more difficult to study than the older branches 
Kjs cs. OrTthe other hand, this very lack of perfection may accoun 

TemisS have be7n found to be of the grca.estvaluc in simplifying and 
ordering the immense body of chemical knowledge. 

2 - 2 . The Atomic Structure of Matter 

_ . . T .„ rv T hc most important of all chemical theories is 

The Atomic The y. English chemist and physicist John 

Dalton (1700 lo ), • t r sma ll particles of matter. He 

1* hypothesis “““he'££ me.„it, 8 

called these particles atoms, from the ^ ^ or pic(urc of 

indivisible. This hy^thes^ g ^, P among the 

previously observed but.ansa Y ^ rcaclions with one another 

SM'work in chemistry and physics, 
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the atomic hypothesis became the atomic theory. The existence of atoms 

is now accepted as a fact. . n 

The rapid progress of our science during the current century is well 

illustrated by the increase in our knowledge about atoms. In a popular 
textbook of chemistry written in the early years of the twentieth century 
atoms were defined as the “imaginary units of which bodies are aggre¬ 
gates.” Now, less than half a century later, we have precise knowledge 
of many properties of atoms and molecules. Atoms and molecules can 
no longer be considered imaginary. 

The Nature of Atoms. .All ordinary matter consists of atoms. The 
exceptional kinds of matter are the elementary particles from which the 
atoms arc made (electrons, protons, neutrons), and other subatomic 
particles (positrons, mesons); these elementary particles will be dis¬ 
cussed later (Chaps. 3, 8, 33). But atoms are the units which retain 
their identity when chemical reactions take place; therefore, they are 
important \o us now. Atoms arc the structural units of all solids, liquids, 
and gases. They .are very small—only about 2 to 5 A in diameter.* This 
is indeed small. If a piece of rock, or anything else, one inch in diameter 
were to be magnified to the size of the earth, its constituent atoms would 
become about the size of golf balls or tennis balls. One hundred million 
atoms side by side make a row about one inch long. A one-inch cube 
of solid matter thus contains about (10*) 3 = 10- 4 atoms. 

Every atom consists of one nucleus and one or more electrons. ( This state¬ 
ment is the modern definition of the word “atom.”) The nucleus is a 
small, heavy particle containing almost all of the mass of the atom. 
It has a positive electric charge equal in magnitude to the charge of 
one electron, or to an integral multiple of this charge. The electric 
charge of nuclei is positive, and that of electrons is negative. Ordinary 
matter is electrically neutral; that is, it contains equal amounts of 
positive and negative electric charge. 

Nuclei arc very small indeed. Their diameter is approximately 
1 X 10”*’ cm or 1 X lO' 4 A. The nucleus of an atom is accordingly only 
about one ten-thousandth as great in diameter as the atom itself, and 
the volume of the nucleus is about 10”*\ one million-millionth, of the 
volume of the atom. If nuclei could be packed together side by side, 
they would give a form of matter with very great density, of the order 
of 10 12 g/cm*. 

• The symbol A stand* for a unit of length, the Angstrom unit . u»cd in the measurement of 
very minute lengths It is named after the Swedish physicist A. J. Angst r dm .1814 -1874). 
One A is 1 X 10 -‘ cm <0.00000001 cm); that is. 1 cm is 10* A (1 cm - 100.000.000 A). 
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The electron is a particle with small mass, 1/1,836 that of the lightest 
nucleus, and with a negative electric charge. The electron itself is about 
as large as a nucleus, its diameter being about 10-' 5 cm. The electrons 
in an atom arc attracted by the nucleus. The electrons move rapidly 



FIG. 2-1 Drawing oj rl,,"on J„lnbul,on, in nobU-ga, atom, shomng 
successive electron shells. 


around in the space extending over a diameter of a few Angstroms about 
the nucleus, and, because they move around so fast, they effectively 
fill this space in such a way as to repel any other atom that approaches 

to within this diameter. . • T u„ 

The evidence for the existence of atoms ,s now overwhelming he 
arguments that led to the original development of the atomic theory 
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were based on chemical facts, described in later sections of this book 
(especially Chaps. 9 and 10). During the present century the methods 
of modern physics have provided much straightforward ev.dcnce for the 
existence of atoms and much information about their propert.es Most 
interesting to chemistry are the methods of X-ray diffraction and elec- 
iron diffraction. These methods are almost equivalent to die preparation 
of direct photographs of molecules and crystals, showing the atomic 
arrangement (Chap. 3). Drawings of some of these structures are shown 
in the figures which accompany this chapter and later chapters. 

These experimental methods have also provided us with knowledge 
of the distribution of electrons around the nucleus of the atom. The 
indicated structure of some atoms is represented in Figure 2-1. 


A Representative Atomic Structure, Copper. Most solid substances 
are crystalline in nature. Sometimes the particles of a sample of solid 
substance are themselves single crystals, such as the cubic crystals of 
sodium cb'oride in table salt. Sometimes these single crystals arc very 
large; occasionally crystals several yards in diameter of minerals such 
as beryl arc found in nature. Often, however, the individual crystal 
grains of a crystalline substance are small, and the particles of the 
substance are aggregates of these grains. The specimen of malleable cast 
iron of which a photomicrograph is reproduced in Figure 1-2 is seen to 
contain crystal grains of iron about 0.1 mm in diameter. 



FIG. 2-2 

I hr arrangement of atoms in a crystal of cop¬ 
per. '1 he small cube, containing Jour copper 
atoms, is the unit of structure; by repeating 
it the entire crystal is obtained. 
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FIG. 2-3 


Another atomic view of a copper 


crystal , showing small octahedral 


faces and large cubic faces. 
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It has been found by experiment that every crystal consists of atoms 

- SS^53S£= - occupv 

SS^ifT V sm!Ton y e, w.,hedges on.y about 0, mm long, there 

would still be about 400,000 atoms in ^^f^^t ^aUs a form 
Tt was mentioned in the preced.ng copter d»t a jy nQW 

of matter copper crystal is 

see why crystals have this n and lhc pr0 pcrtics of the crystal 

that determined by e r ° w f ^ those in m ost other directions, 

in this direction are clearly -Meibom ^ ^ # crysta i tha t gives 

It is the regularity of an g oarticular the property of 

to the crystal its characteristic prope^ ^ crystals are defined by 

growing in the form of P°V ^ ^ 2 _ 2 and 2-3. These faces 

surface layers of a,oms ' h have definite characteristic values, 

lie at angles to one another thatj^ The sizc of thc faces 

the same for all specimen ancles between them 

may vary from specimem^ ^ ^ 
remain constant. The pnn P ^ faccs of a cubc ( cubic faces or cube 

;r,, 2 :”rrr^x^, *-«- * ^ ° r • 
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FIG. 2-4 

Crystals oj native copper. 



cube, is called an octahedral face (see Fig. 10-5). Native copper found 
in deposits of copper ore, is often in the firm of crystals with cubic 
and octahedral faces (Fig. 2-4). 

The substance copper crystallizes with this structure because of the 
tendency of each atom of this metal to attract to itself as many other 
atoms of copper as can find room about it. The forces that attract 
atoms to one another and hold them together strongly .the valence forces 
Chaps 9 and 10) arc said to give rise to the formation of chemical bonds 
between these atoms. These forces arc due to the electric interaction 
of the electrons and nuclei of the atoms, and the nature of the chemical 
bonds that an atom can form is determined by the electronic structure 


of the atom. . 

An ordinary piece of the metal copper does not consist of a single 
crystal of copper, but of an aggregate of crystals. The crystal grains 
of a specimen of a metal can be made clearly visible by polishing the 
surface of the metal, and then etching the metal lightly with an acid or 
other chemical reagent. Often the grains are very small, and can be 
seen only with the aid of a microscope (Fig. 2-5), but sometimes they 



FIG. 2-5 

•■I polished and etched surface of a piece of 
cold-drawn copper bar, showing the small 
crystal grains which compose the ordinary 
mttal. Magnification 200 X ( 200-fold lin¬ 
eally). The small round spots are gas bubbles. 
(From Dr. S. Kyropoulos.) 
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are large, and can be easily seen with the naked eye, as in meteorites 
(Fig. 2-6) or in brass doorknobs. 

Atoms are not hard spheres, but are soft, so that by increased force 
they fnay be pushed more closely together (be compressed). This occurs, 
for example, when a copper crystal becomes somewhat smaller in vol¬ 
ume under increased pressure. The approximate sizes which are assigned 
to atoms correspond to the distance between the nucleus of one atom 
and the nucleus of a neighboring atom in a crystal under ordinary cir¬ 
cumstances. The distance from a copper atom to each of its twelve 
nearest neighbors in a copper crystal at room temperature and at- 



[_ - - .— ' -- 

FIG. 2-6 Polished surface oj an iron-nickel meteorite, showing l“’g‘jrys,al 
grains in parallel orientation ("Widmanstatten figures ). About 40% of 
natural sieje-the meteorite is about ten inches long. (Courtesy of Griffith 

Observatory.) 

. • i-ociir#* U 2 55 A* onc-half of this distance, 1.275 A, is called 

SUSSES*e cop^r atom. Values of radii of atoms are given 

similar to copper, c^stallize with the 

— -r C Y1hl“f rha^rra=fTu h vTr 

s 144 A in radius - 

2-3. The Description of a Crystal Structure 
structure of a crystal ^ vl^hcn^^atld parcel 
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The way in which this is done can be seen from a two-dimensional example. In 
Figure 2-7 there is shown a portion of a square lattice. The unit of structure of this 
square lattice is a square; we sec that, when this square is repeated parallel to itself m 
such a way as to fill the plane, we obtain a sort of two-dimensional crystal. In this case 
there are present a lattice of atoms of one sort, represented by small spheres at the 
intersections of the lattice lines, and a lattice of atoms of another sort, represented by 
larger spheres at the centers of the unit squares. We might describe the structure by the 
use of coordinates * and y, giving the positions of the atoms relative to an origin at the 
comer of the unit of structure, with x and y taken as fractions of the edges of the umt of 



FIG. 2-7 Arrangement oj atoms in a plane. The unit of structure is a square. 

Small atoms have the coordinates 0 , 0 and large atoms the coordinates 7/2, 7/2. 

structure, as indicated In the figure. The atom represented by the small sphere would 
then have the coordinates x = 0, y — 0, and the atom at the center of the square would 
have the coordinates x — 1/2, y » 1/2. 

Similarly, for a cubic crystal the unit of structure can be taken as a cube, which 
when reproduced In parallel orientation would fill space to produce a cubic lattice, 
as shown in Figure 2-8. The unit of structure could be described, for a cubic crystal, 
by giving the value of the edge of the unit, a, and the values of the coordinates x, y, 
and z, for each atom, as fractions of the edge of the unit. Thus, for the cubic closest- 
packed structure, represented by metallic copper, the unit of structure is cubic, with 
edge a = ^2 X 2.55 A = 3.61 A, and with four atoms per unit, with coordinates 
* - 0,y - 0,* - 0;* - 0, y - 1/2, z - 1/2; x - 1/2, y = 0, z - 1/2; and x - 1/2, 


FIG. 2-8 

The simple cubic arrangement of atoms. 
The unit of structure is a cube , with one 
atom per unit , its coordinates being 0, 0, 0. 
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FIG. 2-9 

The cubic unit of structure for the face-centered cubic 
arrangement , corresponding to cubic closest packing of 
spheres. There are four atoms in the unity with coordi¬ 
nates Oy Oy 0; 0, l/2y 7/2; 7/2, 0, 7/2; 7/2, 7/2, 0. 


y «= 1/2, z = 0, as shown in Figure 2-9. Often these coordinates are written without 
giving the symbols x, y, and z; it is then said that there arc four copper atoms in the 
unit, at 0, 0, 0; 0, 1/2, 1/2; 1/2, 0, 1/2; 1/2, 1/2, 0. These arc called the coordinates of 
the atoms in the unit cube. 

Note that in the unit cube shown in Figure 2-9 an atom is represented at only one of 
the eight corners. Of course, when this unit cube is surrounded by other unit cubes, 
atoms are placed at the seven other comers, these atoms being formally associated with 
the adjacent unit cubes. 

The unit of structure of a crystal other than a cubic crystal is a parallelepiped. In 
the c*«c of the most general sort of crystal, a triclinic crystal (sec Sec. 2-4), the parallele¬ 
piped is a general one, as shown in Figure 2-10. It can be described by giving the values 
of a, by and r, the lengths of the three edges, and also the values of a, 0, and y, the angles 
between pairs of edges. 

Example 1. The metal iron is cubic, with a - 2.86 A, and with two iron atoms in 
the unit cube, at 0, 0, 0 and 1/2, 1/2, 1/2. How many nearest neighbors docs each iron 
atom have, and how far away arc they? 

Solution. We draw a cubic unit of structure, with edge 2.86 A, as shown in Fig¬ 
ure 2-11 and we indicate in it the positions 0, 0, 0 and 1/2, 1/2, 1/2. When cubes of 
this sort are reproduced parallel to one another, we see that we obtain the struc¬ 
ture shown in Figure 24-2; this is called the body-centered arrangement. It is seen 
that the atom at 1/2, 1/2, 1/2 is surrounded by eight atoms, die atom at 0, 0, 0 and 
seven similar atoms. Also, the atom at 0, 0, 0 is surrounded by eight atoms. In 
each case the surrounding atoms arc at the corners of a cube. This situation is 
described by saying that each atom in the body-ccntcrcd arrangement has l.gancy 
8, or coordination number 8. 


FIG. 2-10 

The parallelepiped representing a general unit oj ilruc- 
ture. It is determined by the lengths of its three edges y 
and by the three angles between the edges. 
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FIG. 2-11 

The unit oj structure corresponding to the cubic body- 
centered arrangement. There are two atoms in the unit , 
with coordinates 0, 0, 0 and 7/2, 7/2, 7/2. 


To calculate the interatomic distance, we note that, by the theo rem of Pythag¬ 
oras, the square of the distance is equal to (a/2)* + (a/ 2)* + (a/ 2)*, and hence 
the distance itself is equal to >/Ta/2. Thus the distance between each iron atom 
and its neighbors is found to be 0.866 X 2.86 A — 2.48 A. The metallic radius 
of iron is hence 1.24 A. 

Example 2. The English mathematician and astronomer Thomas Harriot (1560- 
1621), who was tutor to Sir Walter Raleigh and who traveled to Virginia in 1585, was 
interested in the atomic theory of substances. He believed that the hypothesis that 
substances consist of atoms was plausible, and capable of explaining some of the prop¬ 
erties of matter. His writings contain the following propositions: 

9. The more solid bodies have Atoms touching on all Sydcs. 

10. Homogencall bodies consist of Atoms of like figure, and quantitie. 

11. The waight may increase by interposition of lesse Atoms in the vacuities be twine 
the greater.* 

12. By the differences of regular touches (in bodies more solid), we find that the 
lightest are such, where cuery Atom is touched with six others about it, and greatest 
(if not intermingled) where twelve others do touch euery Atom. 

Assuming that the atoms can be represented as hard spheres in contact with one 
another, what difference in density would there be between the two structures described 
in the abovt proposition 12? 

Solution. The structure where every atom is in contact with six others about it 
that Harriot had in mind is probably the simple cubic arrangement, shown in 
Figure 2-12. In this arrangement of atoms the unit of structure is a cube, containing 
one atom, which can be assigned the coordinates 0, 0, 0. Each atom is then in con- 

* f. UlCmCnt dc * criba lhc structure of interstitial solid solutions and compounds, which 
we shall discuss briefly in Chapter 26. 
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tact with six other atoms, which are at the distance d from it. The volume of the 
unit cube is accordingly d *. If the mass of the atom is M, the density for this ar¬ 
rangement is M/d 1 . 

The more dense structure referred to by Harriot, where twelve atoms are in 
contact with each atom, is the cubic closest-packed arrangement described in the 
preceding section. (Harriot had apparently discovered, or some earlier investigator 
had discovered, that there is no way of packing hard spheres in space that gives a 
greater density than is given by this arrangement.) The cubic unit of structure for 
this arrangement contains four atoms. Its edge, a , is equal to 2 m d, and its volume 
to The mass contained in the unit cube is 4A/, and the density is accord-* 

ingly 4A//2”V, or 2'‘*M/d *. 

We thus have found that the dense structure described by Harriot has density 
y/2 = 1.414 times that of the less dense structure; it is accordingly 41.4% denser 
than the less dense structure. 

2—4. Crystal Symmetry; the Crystal Systems 

Symmetry. The principal clarification of crystal, U on the basis of their r/mmetry. 
An object has symmetry if some operation can be carried out on it that converts .t into 
itself. For example, a three-bladed propeller can be rotated about its axis through 120 
(one-diiid of a revolution), and it is then indistinguishable from its original condition. 



FIG. 2-13 Group, of atoms with different symmetry: Jrom hft to right, a plant oj 
symmetry; two perpendicular plane, of symmetry and a twofold ax,s at then inter - 
section; a twofold axis; a threefold axis. 


* symmetry are given in Figure 2-13- ,, These inc l ud e the center of 

Only a few symmetry Cements.are * J ^ £«lbld ^ fourfo i d inversion axis, 

CSn™ "b, and'syrnmctiV plane. All of the* -VP- of symmetry are ill- 
doe. no. occur in cry,tab because die ang.e of a pentagon, ,08’, 
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FIG. 2-14 The symmetry elements that a crystal may have. 
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2-15 Representatioe crystal forms of the cubic and hexagonal systems. 
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by crystals. These combinations are called the thirty-two crystal classes. Description of the 
crystal classes can be found in books on the science of crystallography. 

The thirty-Jwo crystal classes can be divided into six crystal systems , as follows: 

Cubic crystals (sometimes called isometric crystals), with both threefold and four¬ 
fold symmetry axes (the fourfold axis can be of the rotation-reflection type). 
Tetragonal crystals, with one fourfold axis. 

Hexagonal or trigonal crystals (including rhombohedral crystals), with one sixfold 
axis or threefold axis. 

Orthorhombic crystals, with two or three planes of symmetry or twofold axes at 
right angles to each other. 

Monoclinic crystals, with one plane of symmetry or one twofold axis, or both. 
Triclinic crystals, with either a center of symmetry or no symmetry elements. 

The crystals and their unit of structure can be described by axes of symmetry, which 
in some cases are at right angles with one another, or at 120° for hexagonal or trigonal 
crystals), or which may be at arbitrary angles. The types of axes required by the different 
crystal systems are the following: 

Cubic crystals: three equal axes with length a, at right angles to one another. 
Tetragonal crystals: two equal axes, with length a, and a third axis, with length c t 
all at right angles. 

Hexagonal or trigonal crystals: two equal axes, with length a t at an angle of 120° 
to each other, and a third axis, with length c, at right angles to the other two. 
Orthorhombic crystals: three axes, with lengths a, b, c, at right angles to one another 
Monoclinic crystals: two axes, a and c t at the angle 0 with one another, and the 
third axis, b, at right angles to a and c. 

Triclinic crystals: three axes, a, b, c, with angles a, /?, and y between them. 

The faces of a crystal must be related to the axes in a rational way; the intercepts of 
a face with the three axes are related to the lengths of the axes, a, b t c, in the ratio of 
integers. Drawings showing crystal axes and faces arc given in Figures 2-15 and 2-16. 


2 — 5 . The Molecular Structure of Matter 

Molecular Crystals. The only building stone of a copper crystal is 
the copper atom; in this crystal there do not exist any discrete groups 
(distinct groups) of atoms smaller than the crystal specimen itself. 
On the other hand, crystals of many other substances contain discrete 
groups of atoms, which are called molecules. An example of a molec¬ 
ular crystal is shown in the upper left part of Figure 2-17, which is a 
drawing representing the structure of a crystal of the blackish-gray 
solid substance iodine, as determined by the X-ray diffraction method. 
It is seen that the iodine atoms are grouped together in pairs, to form 
diatomic molecules (molecules containing two atoms each). 

The distance between the two atoms in the same molecule of a molecu¬ 
lar crystal is smaller than the distances between atoms in different mole- 
cu es. In the iodine crystals the two iodine atoms in each molecule are 
only 2.70 A apart, whereas the smallest distance between iodine atoms 
in different molecules is 3.54 A. 
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Moreover, the forces acting between atoms within a molecule are 
very strong, and those acting between molecules are weak. As a result of 
this, it is hard to cause the molecule to change its shape, whereas it 
is comparatively easy to change the positions of the molecules relative 
to one another. For example, under pressure a crystal of iodine decreases 
in size: the molecules can be pushed together until the intermolecular 
distances have decreased by several percent; but the molecules them- 
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selves retain their original size, with no comparable change in inter¬ 
atomic distance within the molecule. When a crystal of iodine at low 
temperature is heated it expands, so that each of the molecules occupies 
a larger space in the crystal; but the iodine-iodine distance within the 

molecule stays very close to the normal 2.70 A. 

The molecules of different chemical substances contain varying num- 



rt/lh „ titipU layer of tomato bushy stunt virus 

FIG ; 2 - 19 r f 

moltcu, 'l P , „ ie ipramrn a, a small angle, giving the m/nes- 

ITvIE * s.„, “ *7<*- 

Puce, Williams, and Wykvfi, Arch. B.ochcm., 7, 175, W46 ) 
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bers of atoms, bonded tightly together. An example of a more compli¬ 
cated molecule is shown in Figure 2-18; this molecule, of the substance 
cyanuric triazidc, contains three carbon atoms and twelve nitrogen 
atoms. The properties of cyanuric triazide, which is an explosive sub¬ 
stance, are determined by the structure of its molecules. 



FtG. 2-20 Etectron micrograph oj crystal, of necrosis virus protein, showrng 
tnduriual molecules in ordered arrangement. Linear magnificat,on 65.000. 
(From R. II . G. II jckofi.) 


, U r« y, .n H COnUi f Di ° g Gi “' MollCU, “- PUnu •nimab have complicated muc- 

° f ni <’ f «•»««•« k-d. Many of the* 

rr i \ containing hundred, of ihouvnd, or million, of atom, Scien- 

organT: “ 8a,h ' r -» i <- »•— <*.c structure of the. giant 
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formation of a great many measles-virus molecules in the human body which has been 
infected by a few of these molecules. 

Another property which virus molecules have, in common with ordinary small 
molecules, is the ability to form crystals. The molecules of a virus can form crystals 
because they are all essentially alike in size and shape, and so can pile together m the 
regular arrangement which constitutes a crystal. 

In the last few years it has become possible to see and to photograph virus molecules. 
They are too small to be seen with a microscope using ordinary visible light, which can¬ 
not permit objects much smaller in diameter than the wavelength of light about 5,000 A, 
to be seen. A wonderful new instrument, the electron microscope , has now been developed, 
which permits objects a hundred times smaller in diameter to be seen. The electron 
microscope uses beams of electrons in place of beams of light. Its linear magnifying 
power is about 200 , 000 , as compared with about 1,000 for the ordinary micrpscope. 
iTis accordingly possible to sec objects as small as 25 A in diameter with the electron 


Two photograph, made with the electron microscope are reproduced here, a, Fig¬ 
ures 2-19 and 2-20. They show molecules of viruses which cause disease in tomato plants. 
Each "bushy stunt” virus molecule is about 230 A in diameter It is made of about 
750.000 atoms. The "necrosis" virus molecules are somewhat smaller, about 195 A in 
diameter. In each photograph the individual molecules can be dearly 
photograph of necrosis virus protein molecules the regular way in which the molecules 
arrange themselves in the crystals is evident. 


The Evaporation of a Molecular Crystal. At a very low temperature 
the molecules in a crystal of iodine lie rather quietly in their places 
in the crystal (Fig. 2-17). As the temperature increases, the molecules 
become more and more agitated; each one bounds back and forth more 
and more vigorously in the little space left for it by its neighbors, and 
each one strikes its neighbors more and more strongly as it rebounds 
from them. This increase in molecular motion with increase in temper¬ 
ature causes the crystal to expand somewhat, giving each molecule a 
larger space in which to carry out its ihtrmal osnllaUon. 

A molecule on the surface of the crystal is held to the crystal by the 
forces of attraction that its neighboring molecules exert on it. Attractive 
forces of this kind, which are operative between all molecules when 
they are close together, are called «*n der Wools ottract.ve thts 

name being used because it was the Dutch physicist J. D. van der Waals 
(1837-1923) who first gave a thorough discussion of mtermolecular 

forces in relation to the nature of gases and liquids. . 

These attractive forces arc quite weak. Hence occasionally a certain 
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moving in a straight-line path, and occasionally colliding with another 
molecule or with the walls of the vessel to change the direction of 
its motion. These free molecules constitute iodine vapor or iodine gas 
(Fig. 2-17). The gas molecules are very much like the molecules in the' 
crystal, their interatomic distance being practically the same; it is 
the distances between molecules that are much larger in a gas than 
in a crystal. 

Iodine vapor has characteristic properties. It is violet in color, and 
it has a characteristic odor. The odor of tincture of iodine (a solution 
of iodine in alcohol, used as an antiseptic) is a combination of the odor 
of iodine vapor and the odor of ethyl alcohol. 

It may seem surprising that molecules on the surface of a crystal 
should evaporate direedy into a gas, but in fact the process of slow 
evaporation of a crystalline substance is not uncommon. Solid pieces 
of camphor or of naphthalene (as used in moth balls, for example) left 
out in the air slowly decrease ir\ size, because of the evaporation of 
molecules from the surface of the solid. Snow may disappear from the 
ground without melting, by evaporation of the ice crystals at a tempera¬ 
ture below that of their melting point. Evaporation is accelerated if a 
wind is blowing, to take the water vapor away from the immediate 
neighborhood of the snow crystals, and to prevent the vapor from 
condensing again on the crystals. 

The Nature of a Gas. The characteristic feature of a gas is that its 
molecules are not held together, but are moving about freely, in a vol¬ 
ume rather large compared with the volume of the molecules themselves. 
The van der Waals attractive forces between the molecules still operate 
whenever two molecules come close together, but usually these forces 
are negligibly small because the molecules arc far apart. Because of 
the freedom of molecular motion a specimen of gas does not have either 
definite shape or definite size. A gas shapes itself to its container. The 
molecules of a gas exert pressure on the walls of its container by striking 
the walls and rebounding from them. If the volume occupied by the 
specimen of gas is decreased, the molecules strike the walls more often, 
and the pressure* accordingly increases. A quantitative study of the 
properties of gases will be taken up later (Chap. 14). 

Gases at ordinary pressure are very dilute: the molecules themselves 
constitute only about one one-thousandth of the total volume of the 
gas, the rest being empty space. Thus 1 gram of solid iodine has a vol¬ 
ume of about 0.2 cm 1 (its density is 4.93 g/cm 8 ), whereas 1 gram of 
iodine gas at 1 atmosphere pressure and at the temperature 184° C 
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(its boiling point) has a volume of 148 cm’, over 700 times greater 
The volume of all of the molecules in a gas is accordmgly very small 
compared with the volume of the gas itself at ordinary pressure. On 
the other hand, the diameter of a gas molecule is not extremely small 
compared with the distance between molecules; in a gas at room tern 
perature and 1 atmosphere pressure the average distance from a mole 
cule to its nearest neighbors is about ten times its molecular d.ameter. 
as indicated in Figure 2-17.* 


The Vapor Pressure of a Crystal. A crystal of iodine in an evacuated 
vessel will gradually change into iodine gas by the evaporation of 
molecules from its surface. Occasionally one of these free gas molecules 
will again strike the surface of the crystal, and it may stick to the surface, 
held by the van der Waals attraction of the other crystal molecules. 

This is called condensation of the gas molecules. 

The rate at which molecules evaporate from a crystal surface is pro¬ 
portional to the area of the surface, but is essentially independent of 
the pressure of the surrounding gas, whereas the rate at which gas 
molecules strike the crystal surface is proportional to the area^the 
surface and also proportional to the concentration of the molecules in 
the gas phase (the number of gas molecules in unit volume). 

If some iodine crystals are put into a flask, which is stoppered 
and allowed to stand at room temperature, it w.ll soon be een h 
quantity of iodine has evaporated, because the gas phase in the flas 
will be seen to have become violet in color. After a while it will be 
cv dent that the process of evaporation has apparently ceased, because 

,^hS, lev. .ta cr^.,1 «.rf>cc Th. cccpond.ng g>. 

ZSZZZSZZ is hw “ ln8 ' 

. i inr h on cdisc has a diameter onc-tcnth as great as that 

of : v rji’o srt: on c ° n ' on " 

thousandth as great. 
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but rather a situation in which opposing reactions are taking place at 
the same rate, so as to result in no over-all change. This is indicated in 
Figure 2-21. 

The vapor pressure of every crystal increases with increase in temper¬ 
ature. For iodine it has the value 0.20 mm of mercury* at 20° C and 
90 mm of mercury at 114° C, the melting point of the crystal. The crys¬ 
tals of iodine which are heated to a temperature only a little below the 



FIG. 2-21 Equilibrium between molecules evaporating Jr om an iodine crystal 
and gas molecules depositing on the crystal. 


melting point evaporate rapidly, and the vapor may condense into 
crystals in a cooler part of the vessel. The complete process of evapora¬ 
tion of a crystal and rccondcnsation of a gas directly as crystals, without 
apparently passing through the liquid state, is called sublimation. Sub % 
limation is often a valuable method of purifying a substance. 

• One atmosphere equals the pressure at the surface of the earth that is due to the weight 
of the air. Pressure is often reported in units equal to the standard atmosphere. The value 
of this unit is 14.7 pounds per square inch. This is equal to the pressure produced by the 
weight of a column of mercury 760 mm high. Pressure is also reported in units equal to the 
height of the corresponding column of mercury. The abbreviation mm Hg is used for mm of 
mercury. The vapor pressure of iodine at its melting point is 90 mm Hg, which is 90/760 
atm or 0.118 atm. The unit of pressure in the metric system is dyne per square centimeter 
(dync/cm*). The standard atmosphere is equal to 1.013 X 10* dyne/cm*. The dyne is defined 
as the force that would cause a mass of 1 g to be given an acceleration of 1 cm/sec*. 
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The Nature of a Liquid. When iodine crystals are heated to 114° C 
they melt, forming liquid iodine. The temperature at which the crystals 
and the liquid are in equilibrium—that is, at which there is no tendency 
for the crystals to melt or for the liquid to freeze—is called the melting 
point of the crystals, and the freezing point of the liquid. This temperature 
is 114° C for iodine. 

Liquid iodine differs from the solid (crystals) mainly in it s fluidity. 
Like the solid, and unlike the gas, it has a definite volume, 1 g occupying 
about 0.2 cm 3 , but it does not have a definite shape; instead, it fits itself 
to the shape of the bottom part of its container. 

From the molecular viewpoint the process of melting can be described 
in the following way. As a crystal is heated, its molecules are increasingly 
agitated, and move about more and more vigorously; but this thermal 
agitation docs not carry any one molecule any significant distance away 
from the position fixed for it by the arrangement of its neighbors in the 
crystal. At the melting point the agitation finally becomes so great as 
to cause the molecules to slip by one another and to change somewhat 
their location relative to one another. They continue to stay close 
together, but do not continue to retain a regular fixed arrangement; 
instead, the grouping of molecules around a given molecule changes 
continually, sometimes being much like the close packing of the crystal, 
in which each iodine molecule has twelve near neighbors, and some¬ 
times considerably different, the molecule having only ten or nine or 
eight near neighbors, as shown in Figure 2-17. Thus a liquid, like a 
crystal, is a condensed phase , as contrasted with a gas, the molecules being 
piled rather closely together; but whereas a crystal is characterized by 
regularity of atomic or molecular arrangement, a liquid is character¬ 
ized by randomness of structure. The randomness of structure usually 
causes the density of a liquid to be somewhat less than that of the 
corresponding crystal; that is, the volume occupied by the liquid is 
usually somewhat greater than that occupied by the crystal. 


The Vapor Pressure and Boiling Point of a Liquid. A liquid, like 
a crystal, is, at any temperature, in equilibrium with its own vapor 
when the vapor molecules are present in a certain concentration. The 
pressure corresponding to this concentration of gas molecules is called 
the vapor pressure of the liquid at the given temperature. 

The vapor pressure of every liquid increases with increasing tem¬ 
perature. The temperature at which it reaches a standard value (usually 
1 atm) is called the boiling point (standard boiling point) of the liquid. 
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At this temperature it is possible for bubbles of the vapor to appear 

in the liquid and to escape to the surface. •„ P • 

The vapor pressure of liquid iodme at its freezing point, 114 C, is 
90 mm Hg. This is exactly the same as the vapor pressure of the crystals 
at this temperature, as described in the section Wore the preceding 
one. That is, iodine gas at a pressure of 90 mm Hg a m 
with the liquid at 114° C, the freezing point of the liquid, and this 
gas is also in equilibrium with iodine crystals at this temperature, then- 
melting point. The crystals and the liquid are in equilibrium at the 
freezing point (melting point), and they then have exaedy the same 
vapor pressure: If the two phases had different vapor pressures, the 
phase with the larger vapor pressure would continue to evaporate, and 
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FIG. 2-22 

A simple method of measuring the vapor 
pressure of a liquid. 
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the vapor would continue to condense as the other phase, until the first 

phase had disappeared. o 

The vapor pressure of liquid iodine reaches 1 atm at 184 C, which 

is the boiling point of iodine. 

Other substances undergo similar changes in phase when they are 
heated. When copper melts, at 1,083° C, it forms liquid copper, in which 
the arrangement of the copper atoms shows the same sort of randomness 
as that of the molecules in liquid iodine. Under 1 atm pressure copper 
boils at 2,310° C to form copper gas; the gas molecules are single copper 

atoms. 

The Dependence of Vapor Pressure on Temperature. The vapor 
pressure of a substance can be measured by various techniques, such as 
that illustrated in Figure 2-22. In this experiment the barometric pres¬ 
sure is measured by measuring the height of a column of mercury in an 
evacuated tube. If the barometric pressure happened to be exactly nor¬ 
mal the height of the column would be 760.0 mm. The column of mer¬ 
cury’ is supported by the pressure of the air on the exposed surface of 
the mercury. Now if a substance, such as a drop of water, were to be 
introduced into this space in the tube above the column of mercury, by 
slipping it underneath the open bottom end of the tube and releasing 
it To permit it to rise to the top of the column, molecules of this substance 
would evaporate into the space above the column of mercury, until 
equilibrium between the vapor and the condensed phase was reached. 
The top of the column of mercury would then be subjected to the pres- 


TABLE 2-1 The Vapor Pressure o] Iodine as a Function of Temperature 


TEMPERATURE 

VAPOR PRESSURE 

OF IODINE 

CRYSTALS 

TEMPERATURE 

VAPOR PRESSURE 

OF LIQUID 

IODINE 

30° C 

40 

50 

60 

70 

80 

90 

100 

110 

114.2 (m.p.) 

0-471 mm H 0 

1.03 

2.16 

4.31 

8.22 

15.1 

26.8 

45.5 

74.9 

90.1 

1 14.2® C (m.p.) 

120 

130 

140 

150 

160 

170 

180 

184.35 (b.p.) 

190 

90.1 mm Mg 

111 

157 

217 

294 

394 

521 

679 

760 

869 
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sure of this vapor, equal to the vapor pressure of the substance, and 
the column of mercury would decrease in height. 

The results of measurements of this sort on iodine crystals and liquid iodine are given 
in Table 2-1 (see also Fig. 2-23). By examining the numbers in this table some inter¬ 
esting approximate relations can be discovered. It is seen that for the crystals the vapor 
pressure does not increase by a constant added amount with each increase of 10° in the 



FIG. 2-23 A graph showing the vapor-pressure curve oj iodine crystal and the 
vapor-pressure curve oj liquid iodine. The melting point of the crystal is the temper¬ 
ature at which the crystal and the liquid have the same vapor pressure, and the 
boiling point of the liquid {at 1 atm pressure) is the temperature at which the vapor 
pressure of the liquid equals 1 atm. 

temperature, but inaiead increases by approximately the same factor. When the tempera¬ 
ture is changed from 40° (v.p. 1.03 mm Hg) to 50° C (v.p. 2.16), the vapor pressure is 
approximately doubled, and from 50° to 60° it is again doubled, and so on. Thus, when 
these experimental data have been obtained, they permit one to formulate an ap¬ 
proximate law of nature—namely, that for every increase in temperature of 10° C the 
vapor pressure of crystalline iodine is approximately doubled. For liquid iodine a similar 
law can be formulated, but with a different constant. In this case for every 20° increase 
in temperature the vapor pressure is approximately doubled; the factor by which the 
vapor pressure increases for a 10° increase in temperature is Vl, approximately 1.4. 
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It has indeed been found to be true for substances in general that the vapor.pre*ure 
increases by a certain constant factor, characterist.c of the substance, for every 10 
crease^t temperature. Such an r eponentiat ~ - «•* value of a property of a substance 
with increase in temperature is often observed. 

2-6. The Meaning of Temperature 

In the preceding discussion the assumption has been made that mole¬ 
cules move more rapidly and violently at any given temperature than 
at a lower one. This assumption is correct , the temperature of a system 
is a measure of the vigor of motion of all the atoms and molecules 

in the system. 

Kelvin or Centigrade, tahrenheit 

absolute scal« scale scale 


Boiling point of water—+375.1*” 


freezing point ofwatcr-j- 


273-1* 



■+• o 


Lcf— 


-273.1**- 


Absolute zero — 

FIG. 2-24 Companion o] Kelvin , centigrade, and Fahrenheit scales. 


-459.7* 


„ „„ r.c.gn^ 

212° F), or, in scientific work, by 6 A 

air-saturated iSrd KcMn a great British 

new temperature «:al either the absolute temperature scale 

the Sti 2e (K). The temperature of the absolute ,cro on 
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this scale, according to the best current determination, is —273.18° on 
the centigrade scale (0° K = —273.18° C). The scale unit on the 
centigrade scale, called the centigrade degree, is so selected that the 
interval between the freezing point of water saturated with air at 1 atm 
and the boiling point of water at atmospheric pressure is 100° C. On 
the Kelvin scale, with 0° K the absolute zero, the freezing point of air- 
saturated water is 273.18° K and the boiling point of water is 373.18° K 
(Fig. 2-24). 

The Kelvin scale is so designed that the absolute temperature, meas¬ 
ured from the absolute zero, is proportional to the increase of the 
average kinetic energy of translational motion of the molecules of a 
gas, kinetic energy being the energy which a moving body has by virtue 
of its motion, and translational motion being motion in a straight line. 

It does not matter which substance is selected. The laws of molecular 
motion are such that the average kinetic energy of translational motion 
of the molecules of a gas of any substance is exactly the same as that 
of the molecules of any other substance at the same temperature— 
that is, in thermal equilibrium with it. 

With increase in temperature there occurs increase in violence of 
molecular motion of all kinds. Gas molecules move more rapidly, and 
the atoms within a molecule oscillate more rapidly relative to one 
another. The atoms and molecules in liquids and solids carry out more 
vigorous vibrational motions. This vigorous motion at high tempera¬ 
tures may result in chemical reaction, especially decomposition of sub¬ 
stances. Thus, when iodine gas is heated to about 1,200° C at 1 atm 
pressure about one-half of the molecules dissociate (split) into separate 
iodine atoms. 

You can get a better understanding oj many of the phenomena of chemistry 
by remembering that the absolute temperature is a measure of the vigor of the 
motion of atoms and molecules. 


The Quantitative Relation Between Temperature and Kinetic Energy. It will 
be pointed out in the discussion of the kinetic theory of gases (Chap. 14) that the average 

kmet.c energy of the molecules of any gas-that is, the quantity _... where * is 

the velocity of motion of molecules-is equal to \kT. In this expression T is the absolute 
temperature, and k is a fundamental constant, called Boltzmann's constant. The value of 
k is 1.380 X 10" u erg/deg. 

The average velocity of motion of a heavy molecule in a gas at temperature T i, 
accord.ngly smaller dun that of a light molecule at the same temperature. The average 
veloctty of molecules of air at room temperature is about 5X10* cm/sec, which is 
about 1,100 miles per hour. 
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Exercises 

2 - 1 . 


2 - 2 . 


2-3. 


2-4. 


State the difference between a hypothec and a theory or law. Give an example 

of a hypothesis. 

It „ stated in the text that atoms ate from 2 to 5 A in di ^lam"! 

z : pv i c«. - 

—ot ttsstj: 

sphere*containing all the nuclei in the earth (diameter 8.000 miles) packed to- 

gether the way atoms are packed? If 

alvmt o 5 V 10* molecules of water in a cubic inch of water. If a 
There arc about 0.5 X . QC ^ n and thoroughly stirred, and a 

“ b b! C c 12 cl r" water £re *e„ removed. 

~ -——° r r r: 

If «he mo.ecu.es in a glass of -o 

he covered uniform, with the cnlatged 

Arrange marbles, steel balls, 

iayer. Pack a simtUr Uyeronmpof **6*^ thc „ cond of these 

be put direct, above the fit, £ ', (nlclurc o( lh e copper crystal. Repeat .hr, 
“rbXrte,angular pyramid. Note .ha, this pyramid a regular 

^.fftative, the suucmre of a ctysta, of iodine, of ,it,uid iodine, and 

Of ammonium sulfate form . «rnundecu^r I. u ,. J5 g/c m>, calculate 

—- -*■“ - ■— in, ° a un " 

molecular layer. (Answer: 330 Thc unlt of structure is a rectangular 

2-11. The metal indium forms tetragonal cry i ^ ^ ^ ^ ^ _ 4 94 A. There are 

parallelepiped, with - ^coordinates 0. 0, 0 and 1/2, 1/2, 1/2. 

Z;£S£ r:«"a’tom to its f** nearest neighbors; note that 


2-5. 

2 - 6 . 

2-7. 


2 - 8 . 


2-9. 
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2 - 12 . 


2-13. 
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four arc at one distance, and eight at another distance, (b) Show that if thc^oal 
ratio co/oc were equal to 1.414, the twelve distances would be equal, (c) What 
is the relation between the unit of structure, with this axial ratio, and the cubic 
unit of structure described in the text for cubic closest packing? 

Diamond has a cubic unit of structure, with oo = 3.56 A. There are eight atoms 
in the unit, with coordinates 0, 0, 0; 0, 1/2, 1/2; 1/2, 0, 1/2; 1/2, 1/2, » / » 

1/4, 1/4; 1/4, 3/4, 3/4; 3/4, 1/4, 3/4; 3/4, 3/4, 1/4. How many nearest neigh¬ 
bors does each atom have? What is the distance to each of these neighbors? 
(Answer: 4; 1.54 A.) 

The crystal sodium chloride has a cubic unit of structure, with <*> = 5.628 A. 
There are four sodium atoms (sodium ions) in the unit of structure, with coor¬ 
dinates 0, 0, 0; 0, 1/2, 1/2; 1/2, 0, 1/2; 1/2, 1/2, 0; and also four chlorine atoms 
(chloride ions), with coordinates 1/2, 1/2, 1/2; 1/2, 0, 0; 0, 1/2, 0; 0, 0, 1/2. 
Make a drawing showing the cubic unit of structure and the positions of the 
atoms. How many nearest neighbors docs each atom have, what is the inter¬ 
atomic distance for these neighbors, and what polyhedron is formed by them? 
This arrangement of atoms, called the sodium chloride arrangement, is a com¬ 
mon one for salts. 



Chapter j 


The Electron 
and the Nucleus 


About fifty years ago it was discovered that atoms themselves, which 
up to thaT time had been though, to be indivisible, are composed of 
smaller particles, and that these smaller par,teles carry e'ectr^ charg^ 
The discovery of the components of atoms and the investigation of he 

way ^ which atom arc M. of .h, =- 

particles—constitute one of the most interesting stones in the history 

- ■rrrt’MtirjEr 

to remembe • electrons held jointly by two 

VS2y «» be helped greatly in mastering 
his subject by first obtaining a good understanding of atomic structure. 

3 - 1 . The Nature of Electricity 
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tricity, and of magnetism, which is closely related to electricity, were 
made. 

It was found that if a rod of sealing wax, which behaves m the same 
way as amber, is rubbed with a woolen cloth, and a rod of glass is rubbed 
with a silken cloth, an electric spark will pass between the sealing-wax 
rod and the glass rod when they are brought near one another. More¬ 
over, it was found that a force of attraction operates between them. 
If the sealing-wax rod that has been electrically charged by rubbing 
with the woolen cloth is suspended from a thread, as shown in Figure 3-1, 
and the charged glass rod is brought near one end of it, this end will 
turn toward the glass rod. An electrified sealing-wax rod is repelled, 
however, by a similar sealing-wax rod, and also an electrified glass rod 



FIG. 3-1 Experiments showing the attraction oj unlike charges oj electricity and the 
repulsion oj like charges. 

is repelled by a similar glass rod (Fig. 3-1). The ideas were developed 
that there arc two kinds of electricity, which were called resinous elec¬ 
tricity (that which is picked up by the sealing-wax rod) and vitreous 
electricity (that which is picked up by the glass rod), and that opposite 
kinds of electricity attract one another, whereas similar kinds repel one 
another. Franklin assumed that when a glass rod is rubbed with a silken 
cloth something is transferred from the cloth to the glass rod, and he 
described the glass rod as positively charged, meaning that it had an 
excess of the electric fluid that had been transferred to it by the rubbing, 
with the cloth having a deficiency, and hence being negatively charged. 
He pointed out that he did not really know whether the electric fluid 
had been transferred from the silken cloth to the glass rod or from the 
glass rod to the silken cloth, and that accordingly the decision to describe 
vitreous electricity as positive (involving an excess of resinous fluid) 
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was an arbitrary one. We now know, in fact, that when the glass rod is 
rubbed with Hilken cloth negatively charged particles the electrons, 
are transferred from the glass rod to the silken cloth, and that Franklin 

thus made the wrong decision. . ,, 7 «_1804l 

Careful experiments carried out by Joseph Priestley (17M WMh 
by Henry Cavendish (1731-1810), and by the French P h y slc > s, Ch f 1 « 

SSE- S £ “ “■ 


force of attraction 


€\ X *1 


(3-1) 


In this equation r is the distance between the two charges, considered 

statcoulomb Lrger'unit of electric charge. The 

l£jS!L has been adopted is the coulomb, which is closely equal 

to 3 X 10’ statcoulombs: 

1 coulomb = 3 X 10* statcoulombs* 

. the inverse-square law of force between electric charges, 

According to i, w t h e force between two unit 

rS^otcm ap^rr dynes-tha« is, four times as great as the force 

between the charges when they are 1 cm apart. 

. f D _ -Th r f orcc of repulsion between two positive charges, 
Force and Potential Energy. distance apart of the charges, is repre- 

sets as.^ - - *— r apar - The 

relation between work and force is ^ ^ 

work = force X distance . 

h is round dia, Ih. WO, 

JS r 'or rTpu^rween the ^ -T -* 

i ii 1 coulomb - 2.99592 X 10* statcoulomb.. 

• The more precise relation is 1 couiomo 
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FIG. 3-2 

Diagram illustrating the inverse-square 
law oj electrostatic repulsion: the force is 
inversely proportional to the square of the 
distance between the charges. 


do the amount of work 1/r erg as they separate from one another. The stored-up capacity 
for doing work is called the potential energy of the system. It is represented in Figure 3-3. 

We see that the potential energy of two unit charges 1 cm apart is 1 erg, and the po¬ 
tential energy of the unit charges Vi cm apart is 2 ergs. Also, it is to be noted that the 
slope of the curve of potential energy against distance between the charges, as given in 
Figure 3-3, is equal to the force of repulsion between the charges. 

The general expression for the mutual potential energy of two electric charges q x 
and q x is 


potential energy 


£*£ 

r 


(3-4) 


The potential energy is positive if the charges q x and q x have the same sign, and nega¬ 
tive if they have opposite signs. 

The Interaction of an Electric Charge with Electric and Magnetic Fields. An 
electric charge is said to be surrounded by an electric field, which exercises a force on 
other electric charges in its neighborhood. (Sometimes the electric field is called the 
electrostatic field.) The strength of an electric field is measured by determining the force 
that operates on a unit electric charge; the strength of the field in electrostatic units is 
equal to the force in dynes that operates on a charge of 1 statcoulomb. The field due to 


a charge q at a distance r from the center of the charge is equal to ^ and the field is 


directed away from the charge (for a positive charge). 

The field can be convcniendy indicated by a method invented by Michael Faraday 
(1791-1867), who made many discoveries in electricity and magnetism as well as in 



FIG. 3-3 

Diagram showing the dependence of the 
potential energy of two electric charges on 
the distance between them; the potential 
energy is inversely proportional to the first 
power of the distance. 
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FIG. 3-4 

The motion of an electrically charged 
particle in the uniform electric field between 
charged plates. 



chemistry. Faraday assumed tha, /.W 

direction of the lines of force a, any £ uare « nti me,er of cros, 

field at dot point, and the number of of the field, 

section perpendicular to thU ^‘^ U °" V 4 , in which two large parallel plates 

An important situation is that sho another One of these parallel 

of metal are held a small, constant nC ar the edges, 

plates is charged positively and the ot er is h ^ ^ ^ uniform dcnsily . Ac- 

the lines of force arc straight lines™ [' fic , d b constant, 

cordingly, in the region between the p a unit positive charge from the nega- 

The amount of work, in ergs, req u » r d ■ aI lo the product of the 

tive plate to the positive plate, through This quantity is 

field strength, in electrostatic units and th ^ lowcr pUlc Thc c | cctros taUC 

called the potential difference of thc uppe p c-ntcnccs is called the statvolt. 

unit of potential difference, as the unit of potential difference, 

It U customary in pract.ce to make use of t 
rather than the statvolt. This pract.cal un.t u 1/300 sustvo 


ratner uian uic - •— «- (3-5) 

1 volt - 1/300 sutvolt 

T* P—« uni, of electric ^ " ' 

of this uni, to the electrostauc unit, the statv p 


1 volt/cm - 1/300 stttvolt/em 

The force exerted on a charged particle h^a ^stant^ctncje^o 

dte same effect as the force * T" of , he earth. A positively charged 

which is constant in the neighborhood of the ^ indicated in Figure 3-4, would 

particle projected into the region ' c5cn .cd by -he dashed line, in 

fall to the bottom plate along the parabol P d dtc surface of the 

the same way diat a projecule fired horizontally would 

earth. ... rh _„ e by a constant magnetic Jield. The 

No foree is exerted on a stationary electr. ^ J fic|d b traversing^ 

force exerted on a moving electric charge y * icle and the direction of the 
at right angles to the direction of motion o F ()f |hc magnet arc marked N 

magnetic field. This is illustrated in Figure ■>- - > ^ of forcc are indicated as 

(north-seeking pole) and 5 (south-seekmg poWI. A positively charged particle 

going from the north-seeking pole: to t ir sou ^ (hc right . The nature of electricity 

is shown a. moving through the field from ,1 «^ ^ rliona i to the strength of 

and magnetism is such dial a force opera ^ ^ ||a[lic | c , and die speed of the 

die magnetic field, the quantity of electric * an lo ,he plane formed by the 
particle, and thc direction of this orcc 
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FIG. 3-5 

The path oj a moving electric charge in a 
magnetic field. 


direction of motion of the moving particle and the direction of the lines of force of 
the magnetic field, its sense being out of the plane of the paper. This causes the moving 
charged particle to be deflected to the front, as indicated in the drawing. 

The Explanation of Electricity and Magnetism. You may well ask how scientists 
explain the fact that an electron is repelled by another electron, or that in general two 
electrically charged bodies repel or attract one another in accordance with Coulomb’s 
law; or how scientists explain the still more extraordinary and unexpected fact that an 
electric charge that is moving through a magnetic field is pushed to one side by inter¬ 
action of its charge with the field. The answer to these questions is that there is no 
explanation. These properties of electric charges and of electric and magnetic fields are 
a part of the world in which we live. 

The discovery of the fact that a sideways force is exerted on an electric charge moving 
through a magnetic field has led to very important practical applications. The ordinary 
electric generator (dynamo) produces electricity because of this fact. In an electric gen¬ 
erator a wire is moved rapidly through a magnetic field, in a direction perpendicular 
to the lengthwise direction of the wire. Moving the wire (including the electrons in it) 
Uirough the magnetic field causes the electrons to be set in motion, relative to the atoms 
in the wire, in the direction toward one end of the wire—namely, the end indicated by 
the rule of Figure 3-5. In this way a flow of elections (current of electricity) is produced 
in the wire. Practically all of the electric power that is used in the world is produced 
by this method, the energy for operating the electric generators (for moving the wire 
through the magnetic field) being provided by the fall of water in the earth’s gravita¬ 
tional field or by the combustion of coal or oil to drive steam engines. A small amount 
of electric power is produced directly from chemical energy, as will be discussed in Chap¬ 
ter 13. 

The Electromagnetic Pump. An interesting new device that makes use of the 
force that acts on a moving electric charge in a magnetic field is the electromagnetic 
pump, which has been devised to pump the liquid metal (such as sodium-potassium 
alloy) that is used as a heat-transfer agent to carry the heat from a nuclear reactor to 
an external boiler. The liquid metal is in a pipe (made of a nickel-chromium alloy steel) 
between the poles of a large permanent magnet. An electric current of about 20,000 
amperes, at 1 volt potential difference, passes through the liquid metal, as indicated 
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FIG. 3-6 

The construction of an electromagnetic pump. 
When electric current flows through the liquid 
alloy in the region between the poles of the 
magnet, a force operates on the mooing charges , 
and hence on the alloy , in the direction indi¬ 
cated. 



in Figure 3-6. The .ideways force that i. exerted on the electron. moving trough the 
magnetic field cause, the metal to flow in the indicated direction, at right angle, 
direction of the electric current and the direction of the magneuc field. 


5 - 2 . The Discovery of the Electron 

It was discovered in the early part of the nineteenth century that com¬ 
pounds can be decomposed by an electric current, and die quanUty of 
dectricity needed to liberate a certain amount of an dement from one 
of its compounds was measured. It was found dia^for example, 96,500 
coulombs (2 89 X 10“ statcoulombs) of electricity is required to 1.0 

properties. . fitf j w ; t h electrodes and a poten- 

^a^tube^SOe^-to^*,^ ^ 

Ual difference of about , l ^ clectric discharge occurs until 

trodes, as indicated m r ‘8 urc ’ . out of the tube. Discharge 

part of the air or other gas has be P ' 10 mm of mcr- 

begins to occur when the pressure has become 
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cury. The nature of the discharge, which is associated with the emission 
of light by the gas in the tube, changes as the pressure becomes lower. 
When the pressure is somewhat less than 1 mm Hg, a dark space, called 
the Crookes dark space, appears in the neighborhood of the cathode, 



FIG. 3-7 Apparatus used to observe the discharge oj electricity in a gas at low 
pressure. The dark space around the cathode is called the Crookes dark space; at 
still lower pressures the Crookes dark space Jills the whole tube. 


and striations are observed in the rest of the tube. At still lower pressures 
the Crookes dark space increases in size, until at about 0.01 mm Hg it 
tills the whole tube. At this pressure no light is given out by the residual 
gas within the tube, but the glass of the tube itself glows (fluoresces) 
with a faint greenish light. 
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FIG. 3-8 

Experiment showing that cathode rays, 
starting jrom the cathode at the left, move 
through the Crookes tube in straight lines. 



It was discovered that the greenish light is due to bombardment of 
the glass by rays liberated at the cathode (called cathode rays), and 
traveling in straight lines. This was revealed by the experiment illus- 
.rated in Figure 3-8; it was observed that an object placed within the 
discharge tube casts a shadow on the glass, which fluoresces except in 
the* region of this shadow. 

It was shown by Jean Perrin in 1895 that these cathode rays consist 
of negatively charged particles. His experiment is illustrated in f igure 
3-9. He introduced in the Crookes tube a shield with a slit, such as to 
form a beam of cathode rays. He also placed a fluorescent screen in 
the tube, so that the path of the beam could Ik- followed by the trace 
of the fluorescence. When a magnet was placed near the tube, in such 
a way that the lines of force of the magnetic field were perpendicular 
to the direction of motion of the cathode rays, the l« am was observed 



FIG 3-9 

Experiment showing that the ealht.de rays 
have a negative charge. 
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,o be deflected in the direction corresponding to the presence of a nega- 

tive charge on the particles. . . ^ 

The amount of deflection could not be used to determine the ratio 
of charge to mass of the particles, however, because of lack of knowledge 
of the speed with which they were moving. J. J. Thomson then carried 
out an experiment that permitted him to determine the speed. This 
was done with the use of the apparatus shown in Figure 3-10, inwhich 
the cathode rays could be affected simultaneously by a n^tic field 
and an electric field. For a fixed value of the magnetic field strength. 



FIG. 3-10 The apparatus used by J. J. Thomson to determine the ratio of electric 
charge to mass of the cathode rays t through the simultaneous deflection of the rays by 
an electric field and a magnetic field. 


the strength of the electric field could be varied until the beam struck 
the fluorescent screen at the central position, at which it would strike the 
screen in the absence of both the magnetic field and the electric field. 
Under these conditions the force due to the magnetic field is just bal¬ 
anced by the force due to the electrostatic field. The force due to the 
magnetic field is, however, equal in magnitude to Hev, in which H is 
the strength of the magnetic field, e the electric charge, and v the veloc¬ 
ity. The force due to the electric field is Ee> in which E is the field 
strength. When these are equal, we have 

Hev = Ee 

The electric charge of the particles, e , cancels out, and v, the velocity 
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of the particles, is then given by the equation 


v 


E_ 

H 


By inserting the values of E and H Thomson was able to calculate the 
velocity v. The values that he obtained were found to be dependent 
upon the voltage at which the Crookes tube was operated ; they were of 
the order of 5 X 10 9 cm/sec—that is, about % the velocity of light. 

Knowing the velocity of the cathode rays, he could then deter¬ 
mine the ratio of charge to mass of the particles by measuring the 
deflection of the beam produced by either the electrostatic field alone 
or the magnetic field alone. From these experiments he obtained the 
value e/m = 3 X 10" statcoulombs per gram. To within his experi¬ 
mental error (involving a possible factor of about 2) the same value 
was obtained whether the tube had been filled originally with air, 
hydrogen, carbon dioxide, or methyl iodide; also, the same value was 
obtained whether the cathodes were made of platinum, aluminum, cop- 


per, iron, lead, silver, tin, or zinc. « ^ 

The value of e/m obtained from this experiment convinced Thomson 
that the particles constitute a form of matter different from the ordinary 
forms of matter. His argument involved comparison with the value 
of e/m for hydrogen or other substances as obtained by electrolysis 
(Chap. 13). It was mentioned above that 1 g of hydrogen is produced 
in the electrolysis of water by 2.89 X 10" statcoulombs; hence, if 
Stoney’s suggestion that one elementary charge is to be associated 
with each atom of hydrogen is correct, the ratio e/m for hydrogen is 
2 89 X 10" statcoulombs per gram. If the same electric charge is in¬ 
volved in both cases, then the mass of the particles present in the cathode 
rays must be about 1,000 times smaller than the mass of a hydrogen 
atom. Later experiments showed that in his original work in 1897 
Thomson had obtained a value too small by a quotient of "early two 
and accordingly that the mass of the cathode-ray particle (the electron) 
is approximately 1 / 2,000 of the mass of the hydrogen atom (actua y 

1/1,837). 


Measurement of .ho Charge of .ho E.oo.r.o. 

the electron by J. J. Thomson, many investigators worked on the prob 
totfdTrZig ohhor , or - -P— 

• . • ion/, W as the most successful by means oi nis on 

his experiments in 1 JUO, was me **• i or 

, r t k.. Hfiprminrd the value of e in 1909 to within l /o- 

mo.».od figure ,-n. Sh.,1, drop. 
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of oil are formed by a sprayer, and some of them attach themselves to 
ions that have been produced in the air by irradiation with a beam 
of X-rays. The experimenter watches one of the small oil drops through 
a microscope and measures the rate at which it falls in the earth’s gravi¬ 
tational field. Because of the large frictional force of the air, the drops 
reach a terminal velocity at which the frictional force is just equal to 
the gravitational force. This terminal velocity depends on the size and 
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FIG. 3-11 A diagram oj the apparatus used by R. A. Millikan in determining 
the charge oj the electron by the oil-drop method. 

mass of the drop, and the mass can be calculated if the density of the 
oil is known, and also the viscosity of air. When the electric field is 
turned on, charging the plates above and below the region where the 
oil drops are suspended, some of the drops (which carry no electric 
charge) continue to fall as before; others, carrying electric charges, 
change their speed and may rise, being pulled up by the attraction of 
the electric charge for the oppositely charged upper plate in the ap¬ 
paratus. The rate of rise of a drop that has been watched falling is then 
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observed. From this rate, and its rate of fall when the electric field was 
turned off, the magnitude of the electric charge on the drop can be 
calculated. In various experiments with different drops, values such as 
the following were obtained: 


, = 4.8X 10-'° 

( = 9.6X 10-° = 2 X 4.8 X 10-° 

, = 4.8X 10-’° 

<■ = 24.0 X 10-° = 5 X 4.8 X 10-° 


All of these values have a common factor, 4.8 X 10-°. Milldcan accord¬ 
ingly concluded that this is the smallest electric charge that can occur 
under these conditions. The average value of his measurements was 
-4 77 X 10-° statcoulomb. This was accepted as the charge of the 
electron. It was found later (1935) to be nearly 1% low, mainly because 
of an error in the value used for the viscosity of air. 


3-3. The Properties of the Electron 

The electron is a particle with negative electric charge of magnitude 
-4.802 X 10 -° statcoulomb or -1.601 X lO-’ coulomb _ its rest mass 

is 9 107 X 10- g, which is 1/1,837 of that of the hydrogen atom. 
I, is small in size; the radius of the electron cannot be determined 

exactly, but it is known to be about I X 10 " cm. 

It was discovered in 1925 that the electron has angular momentum, 
as though it were spinning about its own axis. This angular momentum 
is referred to as the spin of the electron. Associated with it is a magnelu 
... . ,. , he electron has the same properties as a small magnet. 

^“agLetic moment, due to electron spin, that is responsible 
for the properties of most paramagnetic substances and ferromagnetic 

substances. • 

I I Thomson accelerated the electrons in his 

' WOUW * - 

r,tXd“ g re f TLt 2 tance between the anode and the 

. Paramagnetic J 3 on. 

field, such a, that between the rctMin t hci r magnetism in the absence of an applied 
of the field. Ferromagnetic substances retain meir * 

magnetic field. 
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The electrostatic unit of potential, the statvolt, is equal to 300 v; hence the strength 
of the field is 33.3 /d statvolt/cm. The force'acting on the electron xs the product 
of the field strength and the charge *, which is 4.80 X 10"“ statcoulomb, and 
the total energy imparted to the electron is the product of this force times the 
distance d. Hence the energy of the electron that has been accelerated by 10,000 v 
is 33.3 X 4.80 X 10““ erg = 1.60 X 10“* erg. , 

This energy is in the form of kinetic energy, and is A where m is the mass 
of the electron, 9.107 X 10“« g, and » is its velocity. Hence we write 

A mo* = 1.60 X 10~* 


or 

, 2 X 1.60 X 10~* 

* ” 9.107 X 10“« 


0.352 X 10* 


~ 5.9 X 10» cm/sec 

Thus we see that the electron that has been accelerated by falling through a 
potential drop of 10,000 v is moving with a velocity of 6 X 10* cm/sec, which is 
just Vk of the velocity of light. [There is a small error in this calculation because 
Newton’s equation rather than Einstein’s (relativistic) equation has been used for 
the kinetic energy.] 

J. J. Thomson was surprised that aU of the particles in the cathode-ray beam were 
moving with practically the same velocity. The reason for this is that all of the electrons 
had been liberated at the cathode and had fallen through the same potential difference. 
If there had been a large amount of gas in the tube many of the electrons might have 
collided with gas molecules and imparted some of their energy to them, in which case 
they would not have had the same energy. 

The Flow of Electricity in a Metal. A direct current of electricity passing along a 
copper wire is a flow of electrons along the wire. In a metal or similar conductor of elec¬ 
tricity there are electrons which have considerable freedom of motion and which move 
along between the atoms of the metal when an electric potential difference is applied. 

Let us call to mind the analogy between the flow of electricity along a wire and the 
flow of water in a pipe. Quantity of water is measured in liters or cubic feet; quantity of 
electricity is usually measured cither in coulombs or in statcoulombs* Rate of flow , or 
current, of water, the quantity passing a given point of the pipe in unit time, is measured 
in liters per second, or cubic feet per second; current of electricity is measured in amperes 
(coulombs per second), or in statamperes (statcoulombs per second). The rate of flow 
of water in a pipe depends on the pressure difference at the ends of the pipe, with atmos¬ 
pheres or pounds per square inch as units. The current of electricity in the wire depends 
on the electric pressure difference or potential difference or voltage drop between its ends, which 
is usually measured in volts or in statvolts. The definitions of the unit of quantity of elec¬ 
tricity (the coulomb) and the unit of electric potential (the volt) have been arbitrarily 
made by international agreement. 

An electric generator is essentially an electron pump, which pumps electrons under 
pressure out of one wire and into another. A generator of direct current pumps electrons 
continually in the same direction, and one of alternating current reverses its pumping 
direction regularly, thus building up electron pressure first in one direction and then 
in the other. A 60-cycle generator reverses its pumping direction 120 times per second. 
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3-4. The Discovery of X-rays and Radioactivity 

The period of ten years beginning in 1895 was a period of great dis- 
™e£ X-rays were discovered in 1895, radioactivity was discovered 
in 1896 the new radioactive elements polon.um and radium were iso¬ 
lated in’thesame year, «H «™ ^quantum (th^phomn) w" 

University of Wurzburgpaper with a sen- 

kmd dc^cntially as follows: “If the discharge of a large induc- 

tence that read tssenti y rmokes tube or similar apparatus, 

tion coil is allowed to pass through a Crookes^tub ! H f 

and the tube is covered a fairly closely ^ scrcen 

black cardboard, it :» ** n k ^ x . rays that he had discov- 

in the neighborhood. He s impervious to ordinary light, and 

ered could penetrate matter which is impcwous 'o ^ J ^ 

could produce fluorescence in variou blackened by the radia- 

calcite. He found tha, a f^^fnd that Ly appear 

tion, that the rays are not struck by the cathode 

SCx-r'.Vw- 3S - W phyici.™ -o. .h. —p- <* 

pa ™ —, 

some scientists thought that P thought ,hat X-rays were 

best on a corpuscularb^is^wh,^ shor( wavclcnglhs . The second 
similar to ordinary light, ^ hcn in 1912, the difTraction of 

alternative was shown to be corre • 

X-rays by crystals was otaerv • ^ ^ ^ Frcnch mathematician 

Soon after the discovery ^ . of thc french Academy of 

Henri Poincart suggested a connected with thc fluorescence 

Sciences that the X-rad.a >o ^ ^ a( |hc p)acc whrr e the X-rays 
shown by the glass of the ■ , hc French physicist Henri 

are emitted. This suggestion .^13.^ minerals . He was 

Becqucrcl (185 2 -1908 ) to’Jj m of Natural History in Paris, as suc- 
professor of physics at the His falhcr had collected many 

cessor to his father an g ” ava ilablc in the museum. Becquercl 
fluorescent minerals, whic sunlight until it showed strong 

selected a uranium salt, exposed it to sunl.g 
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fluorescence, and then placed it against a photographic plate wrapped in. 
black paper. He found upon developing the plate that it had been black¬ 
ened, which seemed to confirm Poincares idea. However, Becquerel 
then found that the salts of r uranium would blacken a photographic 
plate wrapped in paper even though they had not been exposed to 
sunlight to make them fluorescent, and he showed that the effect could 
be observed with any compound of uranium. He also found that the 
radiation produced by the uranium compounds could, like X-rays, 
discharge an electroscope, by ionizing the air and making it conductive. 

Marie Sklodowska Curie (1867-1934) then began a systematic in¬ 
vestigation of “Becquerel radiation,” using the electroscope technique 
(Fig. 3-12), to see if substances other than uranium exhibited similar 
properties; this work was the subject of her doctor’s dissertation. She 
found that natural pitchblende, an ore of uranium, is several times 
more active than purified uranium oxide, and, with her husband, 
Professor Pierre Curie (1859-1906), she began to separate pitchblende 
into fractions and to determine their activity. She isolated a bismuth 
sulfide fraction that was 400 times more active than uranium. Since 
pure bismuth sulfide is not radioactive, she assumed that a new, strongly 
radioactive element, similar in chemical properties to bismuth, was 
present as a contaminant. This clement, which she named polonium , was 
the first element discovered through its properties of radioactivity. 
In the same year, 1896, the Curies isolated an active barium chloride 
fraction, containing another new clement, which they named radium. 

Becquerel also continued to study the properties of his new radiation, 
and he was able to make use of the strongly radiating preparations 
produced by the Curies. In 1899 Becquerel showed that the radiation 
from radium could be deflected by a magnet. Also in 1899, a young 
physicist from New Zealand, Ernest Rutherford, working in the Caven¬ 
dish Laboratory in Cambridge under J. J. Thomson, reported that the 
radiation from uranium is of at least two distinct types, which he called 



FIG. 3-12 

A simple e'ectroscope. When an electric charge is present on the gold 
/oil and its support , the two leaves of the foil separate , because of the 
repulsion of like electric charges . 
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a (alpha) radiation and 0 (beta) radiation. A French investigator 
P. Villard, soon reported that a third kind of radiation, 7 (gamma) 
radiation, is also emitted. 

Alpha, Beta, and Gamma Rays. The experiments showing the pres¬ 
ence of three kinds of rays emitted by natural radioactive materials arc 
illustrated by Figure 3-13. The rays, collimated b Y. a '° ng * 

narrow hole in a lead block, traverse a strong magnetic field. I hey are 
differently affected, showing them to have d.fferenteloctnc charges. 
Alpha rays are positively charged; further studies, made by Ru,hcrf ° rd , 
showed them to be the positive parts of helium atoms, moving at high 
speed Beta rays are electrons, also moving at high speeds they arc 
similar in nature ,0 the cathode rays produced in a Crookes tube. 

beta raya 

Gamma ray a 

Radioactive / \ AI P ha ra Y‘ 



Lead block 


Magnet 


Photographic plate 


FIG. 3 -1 3 The deflect,on oj alpha rap, and b„a rap, bp a magnetic field. 

TVt'hTalX pSc£ »t “,h™ S h fthin ntett,. foil into 
allowed the alpha particles; . presence of helium in the 

a chamber, and later was able '°^ lhc ' amount of hclium in the 

will be discussed in Chapter 33. 
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which showed that most of the mass of atoms is concentrated in particles 
which are very small in size compared with the atoms themselves. 
The method that he used is very simple, and the arguments involved 
in drawing conclusions from them are also very simple. 

The experiments consisted in bombarding a film of some substance 
(Rutherford used a piece of metal foil) with a stream of fast-moving 
alpha particles, and observing the direction in which the alpha particles 
rebound from the atoms. It is now known that the alpha particles are 
the nuclei of helium atoms, but this was not learned until after Ruther¬ 
ford had carried out his experiments. The experimental method is indi- 


Zinc sulfide screens which produce flashes 
of light when alpha particles strike them 

Avery few deflected 
alpha particles 

% 


lead block 





\ /"' Scattering Transmitted ^ 

Beam substance beam containing 
of alpha (gold foil) most of the 
particles alpha particles 

FIG .. 3 ~\ 4 * ***** r ‘t"‘S‘nting the experiment carried out by Rutherford, 

which showed that atoms contain very small , heavy atomic nuclei. 

in he .| d w aWing in F . igUrC 3-1 A piccc of radium ™ alpha 
£T I a “ d,n ; Ctl0 ~ A SCt ° f S ' itS is constr u c ,cd to define a beam 

I 'lu, , a n'I, 5 , m ° f a ‘ pha partidcs then Pa»cs through 

the me ,a| fo.l (labeled “scattering substance” in the figure), and the 

eetion ln which the alpha particles continue their motion is observed 
The direction of motion of the alpha particles can be detected "™ 
of a screen coated with zinc sulfide. When an alpha particle sLe! 
this screen a flash of light is sent out P ““ 
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Practically none would pass through even a film one atom thick with- 
L deletion. Actually, however, most of the particles did Plough 
the foil without appreciable deflection; m one * 

-«*• atoms, f i 5 i°out ot%ha particle 
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the electron, but with opposite sign, positive instead of negative. The 
nuclei of other atoms have positive charges that are multiples of this 
fundamental charge. The structure of these atomic nuclei will be dis¬ 
cussed in the following chapter. 

3-6. X-rays and Crystal Structure 

The question of the natilre of X-rays remained unanswered until 1912, 
when Max von Laue (born 1879), at the University of Munich, sug¬ 
gested an experiment, the diffraction of X-rays by crystals, which was 
successfully carried out, and which showed immediately that X-rays 
are similar in nature to ordinary light, but have a far smaller wave¬ 
length than ordinary light. The diffraction of X-rays by crystals has 
been of great importance to chemistry, not only through the determina¬ 
tion of the wavelengths of X-rays characteristic of different elements, 
which will be discussed in the following chapter, but also because it has 
permitted the determination of the atomic arrangement in crystals, and 
in this way has contributed to the development of modem structural 
chemistry. 

Waves and Their Interference. During the nineteenth century it 
was recognized that light can be produced by moving an electric charge 
back and forth in an oscillatory manner. The motion of the electric 
charge produces an oscillatory change in the electric field surrounding 
the charge, and this change is transmitted through space, with the 
velocity of light, 3.00 X 10 10 cm/scc. 

The nature of the wave motion is represented by the sine curve shown 
in Figure 3-15. This curve might represent, for example, the instantane¬ 
ous contour of waves on the surface of the ocean. The distance between 
one crest and an adjacent crest is called the wavelength , usually repre¬ 
sented by the symbol X (Greek letter lambda). The height of the crest, 
which is also the depth of the trough, with reference to the average level 
is called the amplitude of the wave. If the waves are moving with the 
velocity c cm/sec, the frequency of the waves, represented by the symbol 
v (Greek letter nu), is equal to c/\\ that is, it is the number of waves 


FIG. 3-15 

Diagram representing wave motion. 
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FIG. 3-16 

Diagram representing waves on the surface of 
water , from the left , striking a pier; waves 
propagated through the opening in the pier then 
spread out in circles. 



„ . • . • (\ see! The dimensions of the 

frequency v , and velocity c is ^ 


\v = c 


In the case of a Ugh, wave 
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FIG. 3-17 

The interference and reinforcement of two 
sets of circular waves, from two openings. 




70 


The Electron and the Nucleus [Chap. 3] 

trated by Figures 3-16 and 3-17. In 3-16 there is shown a set of water 
waves approaching a jetty in which there is a small opening. The waves 
that strike the jetty dissipate their energy among the rocks of the jetty, 
but the part of the waves that strikes the opening causes a disturbance 
on the other side of the jetty. This disturbance is in the form of a set 
of circular waves, that spread out from the opening of the jetty. 1 he 
wavelength of these circular waves is the same as the wavelength of 
the incident water waves. When light or X-rays strike atoms, part of the 
energy of the incident light is scattered by the atoms. Each atom scatters 
a set of circular waves. If two atoms that are excited by the same inci¬ 
dent waves scatter light, as illustrated in Figure 3-17, there are certain 
directions in which the circular waves (spherical waves in the case of 
atoms in three-dimensional space) from the two scattering centers rein¬ 
force one another, producing waves with twice the amplitude of either 
set, and other directions in which the trough of one set of waves coincides 
with the crest of the other set, and interference occurs. The directions of 
reinforcement and interference for two sets of circular waves are shown 
in the figure. 

It is easy to calculate the angles at which reinforcement and interference would 
occur, in terms of the distance between the two scattering centers and the wavelength 
of the waves. The way in which the calculation is made is shown in Figure 3-18. Here 
r, is the distance from the first scattering center, and r, the distance from the second scat¬ 
tering center. At all points in the median plane these two distances are equal. Ac¬ 
cordingly, a crest of a wave of the first set will reach a distant point P at the same time 
as a crest of a wave of the second set, and there will be reinforcement at this point. 
The point P" lies at such distances r," and r," that r»"-r s " is just equal to one wave¬ 
length of the waves. Accordingly, the crest of a wave from the first scattering center will 
reach P " at the same lime as Ihe crest of the preceding wave from the second scattering 
center, and again there will be reinforcement. At the intermediate point P *, however, 
the difference r,'-r,' is just one-half of a wavelength. The crest of a wave from one 
scattering center will coincide with the trough of a wave from another scattering center, 
and there will be interference. 



FIG. 3-18 

Diagram illustrating the conditions for interference 
and reinforcement of circular waves from two points , 
1 and 2. The incident waves are moving toward 
the right , as shown by the arrows . 
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An additional discussion of interference of visible light, and its use 
in the grating spectroscope, will be given in Chapter 8. 

The Bragg Equation for the Diffraction of X-rays by Crystals. It 
was shown during the decade after the discovery of X-rays that if these 
rays were similar to ordinary light their wavelength must be of the 
order of magnitude of 1 A-that is, about 1/5,000 of the wavelength of 
visible light. Then Max von Laue had the idea that crystals m which 
atoms are arranged in a regular lattice with interatomic d,s,anc ' s ° f a 
few Angstroms, might serve to produce diffraction effects with X-rays. 
The experiment was immediately carried out by two experimen 
physicists, Friedrich and Snipping, with use of a crystal of copper sul- 
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Incident 
x beam 


Scattered 
(reflected) 
beam^"' 
wave front*^ 




normal 
to plane 


FIG. 3-20 

Diagram showing the equality of path 
lengths when the conditions for specular 
reflection from a layer are satisfied. 


tubes. Their experimental method is shown in Figure 3-19. A beam 
of X-rays is defined by a slit system, usually slits in a piece of lead. 
The beam impinges on the face of a crystal, such as the cleavage face 
of a salt crystal. An instrument for detecting X-rays (in the case of 
the original experiments by the Braggs an ionization chamber , but in mod¬ 
em work a Geiger counter may be used) was then placed as shown in the 
figure. Lawrence Bragg had developed a simple theory of diffraction of 
X-rays by ^crystals. This theory is illustrated in Figures 3-20 and 3-21. 
He pointed out that if the beam of rays incident on a plane of atoms 
and the scattered beam are in the same vertical plane and at the same 
angle with the plane, as shown in Figure 3-20, the conditions for rein¬ 
forcement are satisfied. This sort of scattering is called specular reflection — 
it is similar to reflection from a mirror. He then formulated the condi¬ 
tions for reinforcement of the beam specularly reflected from one plane 
of atoms and the beam specularly reflected from another plane of atoms 
separated from it by the interplanar distance d. This situation is illustrated 
in Figure 3-21. We see that the difference in path is equal to 2d sin 0 , in 
which 6 is the Bragg angle (the angle between the incident beam and the 
plane of atoms). In order to have reinforcement this difference in path 
2d sin 0 must be equal to the wavelength X or an integral multiple of this 


Incident Diffracted 



FIG. 3-21 

Diagram illustrating the derivation of the 
Bragg equation for the diffraction of 
X-rays by crystals. 
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FIG. 3-22 

Spacings between different rows oj atoms 
in a two-dimensional crystal. 



wavelength—that is, to n\. in which n is an integer. We thus obtain the 
Bragg equation for the diffraction of X-rays: 

n\ - 2d sin B (3 ' 8) 

The way in which the structure of crystals was then determined is 
illustrated in Figure 3-22. Here we show a simple cubic arrangement 
of atoms, as seen along one of the cube faces. It is ev.dent that there 



FIG. 3-2 3 Exp,nmental data obtarned by the Bragg, Jo, the d.ffr action oj 
X-rays by the sodium chloride crystal. 

i shown by their traces in the plane of the paper, 
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by the Braggs is shown as Figure 3 z.>. 
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pattern of reflections that is repeated at values of sin 6 representing the 
values 1, 2, and 3 for the integer n, which is called the order of the reflec¬ 
tion. The pattern that is repeated consists of a weak scattered beam, 
at the smaller angle, and a stronger scattered beam, at the larger angle. 
This shows that there were present in the beam of X-rays produced 
by the X-ray tube a shorter wavelength and a longer wavelength, with 
greater intensity of the X-rays of longer wavelength than of shorter 
wavelength. 

Within a few months the Braggs had succeeded in determining the 
wavelengths of X-rays to about 1%, and also in determining the struc¬ 
tures of about twenty different crystals. We have already discussed the 
results of their discovery in the preceding chapter, in which the struc¬ 
tures of the copper crystal and of the iodine crystal were described. 

Example 2. The Braggs calculated from the density of salt and Millikan's value of 
the charge of the electron, by a method which we shall discuss later (Chap. 7), that the 
spacing d x for the cube face of the sodium chloride crystal has the value 2.81 A. Using the 
experimental data given in Figure 3-23, find the wavelengths of the two kinds of radia¬ 
tion produced by the X-ray tube that they used. 

Solution. Let us first calculate the wavelength of the X-rays with shorter wave¬ 
length. This is called the K0 line. The Bragg angle 0 for this line in the first order 
is seen from the figure to be 4°48'. The value of sin 0 is accordingly 0.0924. The 
Bragg equation for n « 1 is 

X — 2d sin 0 

We insert the value 2.81 for d and 0.0924 for sin 0 and obtain 
X * 2 X 2.81 X 0.0924 - 0.519 A 

This is the value of the wavelength for the K0 line. In the same way we calculate 
for the other line, using the observed value of 0 of 6°0', the value 

X = 0.587 A 

This is the wavelength of the Ka line. These two wavelengths correspond to the 
metal palladium, which was the target (the anode) of the X-ray tube used by the 
Braggs in this experiment. The two lines arc part of the characteristic X-radiation of 
the clement palladium. 


Exercises 

3-1. State the law of attraction or repulsion between two electrically charged particles. 
How is the force between the two charged particles changed (a) if the distance 
between them is doubled? (b; if the charge of one particle is doubled? (c) if 
the charges of both particles arc doubled? 

3-2. According to the law of gravitation, the gravitational force of attraction be¬ 
tween two particles with masses m, and m , a distance r apart is Cmimj/r 1 , where 
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Exercises 


3-3. 


3-4. 


3-5. 


3-6. 


G. the constant of gravitation, has been found by experiment to have the value 
6 673 X 10-; that is, the force of attraction between two particles each with 
mass ! g and the distance 1 cm apart is 6.673 X .0- dyne, (a) Calculate die 
force of electrostatic attraction between an electron and a proton 10 A apart 
(b) Calculate the force of gravitational attraction between an electron and a 
proton 10 A apart. What is the relationship of the electrostatic attracuon to the 
gravitational attraction a. this distance? (c) Wha, is die dependence on distance 
o! the ratio of electrostatic attraction and gravitational attraction of an electron 
and a proton? 

Discuss the motion of an electron moving transversely between two parallel 
plates carrying opposite electric charges. Also discuss the motion of an electron 
moving transversely between the poles of a magnet. 

Describe the electromagnetic pump, used to pump mdium-pol^him alloy in 
nuclear power plants. Why is the electromagnetic pump not used a, 

pump? 

Describe the experiments of Jean Perrin and J. j. Thomson .ha, led .o the 
discovery of the electron. 

to be calculated from the measurements? 

**■ 

by the Curies. 

« sit ssat.tssssr 

nucleus. 

- --sss:-HS-Hi- 

velocity to -hc veloc y (No|e , hat if , hc velocity of a particle is 

of relativity must lie used to obuin the correct answers) 

. rr „ a particles of radium, which have energy 4.79 
3-11. Calculate the energy, in ergs, of | in which e is 

Mev. The nucleus of an atom " e;' d . h " “e " p ar.iele has the charge 2r. 

the magnitude of the charge o particle and the nucleus 

—-—- 


3-7. 
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closely the a particle must approach the atom of gold in order to experience 
a large deflection. (Answer: 4.75 X 10~* A.) 

3-12. Calculate the number of a particles that would be predicted to undergo very 
- large deflection, as a result of approaching to within the distance 4.75 X 10 -4 A 
from a gold nucleus (as calculated in the preceding problem), when the a parti¬ 
cles pass through a single layer of gold atoms. Assume the gold atoms in the layer 
to be in the triangular close-packed arrangement, with distance 2.88 A between 
centers of adjacent atoms. 

3-13. A beam of light impinges normally (perpendicularly) upon a ruled grating, with 
10,000 rulings per inch. Calculate the angles between which the visible spectrum 
appears in the first order. Make the calculations for the wavelength 4,000 A 
(violet) and 7,500 A (red). 

3-14. Explain, in terms of reinforcement of scattered waves, why there is reinforcement 
of the X-rays scattered by all of the atoms in a plane of atoms, if the incident 
beam and the diffracted beam lie in the same vertical plane (perpendicular to 
the plane of the atoms), and the two beams make the same angle with the plane 
of the atoms. 

3-15. Assuming specular reflection from a plane of atoms (see preceding exercise), 
derive the Bragg equation for the diffraction of X-rays from a sequence of planes 
of atoms the distance d apart. 

3-16. The distance between layers of atoms parallel to the cube face of a crystal of 
sodium chloride is 2.81 A. Using the Bragg equation, calculate the first three 
angles of reflection of copper Ka radiation (that is, of the Ka X-ray line from an 
X-ray tube with a copper target). The wavelength of the Ka line of copper 
is 1.54 A. 
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Chapter 4 


Elements, Elemen¬ 
tary Substances, 
and Compounds 


One of the most important parts znd'ompZnd" 

through the efforts of the French chcm.s. Lavo.s.er. 

4-1. The Chemical Elements 

rex.. The kind of mallei represented by a particular 

Two Classes of Substances. / he kina o, 

kmd of atom is called an « le “ en *. classes: elementary sub- 

All P- substances can be dmded i . fl mbs , ance „ mt 

stances, and compounds. A compolin d is a substance that consists 

Thus an elementary substance P 

pound is composed of two or more c ' zinc lcac j j ,i n , silver, gold, 

Hydrogen, oxygen, carbon, ,ron ’, P ’ nin c,y. c ight different de¬ 
sulfur, phosphorus are timc .’common salt, sugar, baking 

ments in all arc known at th p mnolinc ls Common salt contains 

»•> "K,ori«. S. S „ 

two kinds of atoms atoms 
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contains three kinds of atoms—atoms of carbon, hydrogen, and oxygen. 
Baking soda contains atoms of sodium, hydrogen, carbon, and oxygen; 
and penicillin contains atoms of carbon, hydrogen, oxygen, nitrogen, 
and sulfur. Several hundred thousand different chemical compounds are 
now known, and many new ones are made every year. 

The Different Kinds of Atoms. To avoid confusion, it is necessary 
for us to state exactly what is meant by a particular kind of atom in the 
above definition of an element. By this expression we mean an atom 
whose nucleus has a given electric charge. All nuclei have positive electric 
charges which are equal to or are integral multiples of the charge of the 
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FIG. 4-1 Diagram showing regular change of wavelength of X-ray emission 
lines for a series of elements. 


electron (with changed sign). The integer which expresses this relation 
is called the atomic number. It is usually given the symbol Z> the elec¬ 
tric charge of a nucleus with atomic number Z being Ze , with the charge 
of the electron — e . Thus the simplest atom, that of hydrogen, has 
atomic number 1; that is, Z = 1 for the hydrogen atom, and the charge 
of its r.i'leus is + e. 

An c ement is a kind of matter all of whose atoms have the same 
atomic number. This number can hence be referred to as the atomic 
number of the element. 

The one-hundred and two elements that have so far been discovered or 
made by scientists represent all the atomic numbers from 1 to 102. 
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[§ 4-1} The Chemical Elements 
The Assignment of Atomic Numbers to the Elements. Soon after the 
discovery of the electron as a constituent of matter .« was recognized 
that elements might be assigned atomic numbers, but the way erf doing 

this correctly was not known until 1913. In that year H. G. J. Moseley 

(1887-1915) V a young English physicist working in Manchester used 
v “Jus elements Y as Urgets^n an X-ray tube, with the Bragg technique 



FIG. 4-2 A graph ['fill, plaited agams! 

X-ray lines, /»' ,mr " yfal g , a pp t railed the Moseley 

ZZXZSZZ"** 0/ 

elemtnli. 

i „i,. r (Fin 3-22), and obtained the X-ray 

described in the preceding chapte k Ui s results are reproduced 

emission spectra of a number of .he demo., - * rooIS 0 f ,he 

in Figure 4-1. He found that f^Xon a straigh. Hne, when plotted 
wavelengths of the X-ray line slw ‘ d , ,heir atomic weights, 

against the order of the elernen s , . , („ ow called a 

as shown in Figure 4-2. From ^XnLnumbcrs to the elements. 
Moseley diagram) it is easy to assign atom., numb 



80 Elements , Elementary Substances , and Compounds [Chap. 4) 


table 4-1 The Names , Atomic Numbers , and Symbols of the Elements 


ATOMIC 

NUMBER 

SYM¬ 

BOL 

ELEMENT 

ATOMIC 

NUMBER 

SYM¬ 

BOL 

ELEMENT 

ATOMIC 

NUMBER 

SYM¬ 

BOL 

ELEMENT 

1 

H 

Hydrogen 

35 

Br 

Bromine 

69 

Tm 

Thulium 

2 

He 

Helium 

36 

Kr 

Krypton 

70 

Yb 

Ytterbium 

3 

U 

Lithium 

37 

Rb 

Rubidium 

71 

Lu 

Lutetlum* 

4 

Be 

Beryllium 

38 

Sr 

Strontium 

72 

Hf 

Hafnium 

5 

B 

Boron 

39 

Y 

Yttrium 

73 

Ta 

Tantalum 

6 

C 

Carbon 

40 

Zr 

Zirconium 

74 

W 

Tungsten* 

7 

N 

Nitrogen 

41 

Nb 

Niobium* 

75 

Re 

Rhenium 

8 

O 

Oxygen 

42 

Mo 

Molybdenum 

76 

Os 

Osmium 

9 

F 

Fluorine 

43 

Tc 

Technetium* 

77 

Ir 

Iridium 

10 

Ne 

Neon 

44 

Ru 

Ruthenium 

78 

Pt 

Platinum 

11 

No 

Sodium 

45 

Rh 

Rhodium 

79 

Au 

Gold 

12 

Mg 

Magnesium 

46 

Pd 

Palladium 

80 

Ho 

Mercury 

13 

Al 

Aluminum 

47 

Ag 

Silver 

81 

Tl 

Thallium 

14 

Si 

Silicon 

48 

Cd 

Cadmium 

82 

Pb 

Lead 

(5 

P 

Phosphorus 

49 

In 

Indium 

83 

Bi 

Bismuth 

16 

s 

Sulfur 

50 

So 

Tin 

84 

Po 

Polonium 

17 

a 

Chlorine 

51 

Sb 

Antimony 

85 

At 

Astatine* 

18 

Ar 

Argon 

52 

Te 

Tellurium 

86 

Rn 

Radon 

19 

K 

Potassium 

53 

1 

Iodine 

87 

Fr 

Francium* 

20 

Co 

Colcium 

54 

Xe 

Xenon 

88 

Ra 

Radium 

21 

Sc 

Scondium 

55 

Cs 

Cesium 

89 

Ac 

Actinium 

22 

Tl 

Titanium 

56 

Ba 

Barium 

90 

Th 

Thorium 

23 

V 

Vanadium 

57 

la 

lanthanum 

91 

Pa 

Protactinium 

24 

Cr 

Chromium 

58 

Ce 

Cerium 

92 

U 

Uranium 

25 

Mn 


59 

Pr 

Praseodymium 

93 

Np 

Neptunium* 

26 

Fe 

Iron 

60 

Nd 

Neodymium 

94 

Pu 

Plutonium* 

27 

Co 

Cobolt 

61 

Pm 

Promethium* 

95 

Am 

Americium* 

28 

Ni 

Nickel 

62 

Sm 

Samarium 

96 

Cm 

Curium* 

29 

Cu 

Copper 

63 

Eu 

Europium 

97 

Bk 

Berkelium* 

30 

Zn 

Zinc 

64 

Gd 

Gadolinium 

98 

Cf 

Californium* 

31 

Ga 

Gallium 

65 

Tb 

Terbium 

99 

Es 

Einsteinium 

32 

Ge 

Germanium 

66 

Oy 

Dysprosium 

100 

Fm 

Fermlum 

33 

As 

Arsenic 

67 

Ho 

Holmium 

101 

Mfl 

Mendelevium 

34 

Se 

Selenium 

68 

Er 

Erbium 

102 

No 

Nobelium 


* Sevorol decisions about the names of the elements were made ot the 1 5th Meeting of the Interna¬ 
tional Union of Pure and Applied Chemistry at Amsterdam In September 1949. The names and symbols 
given In the above table were accepted for the eight new elements discovered during World War Hr 
technetium (43), promethium (61). ostatine (85). froncium (87), neptunium (93), plutonium (94), americium 
(95), and curium (96). It was further decided to use the name "wolfram" instead of "tungsten” for ele¬ 
ment 74, and the name "niobium" instead of "columbium" for element 41. The spelling "lutetlum" rather 
than "lutecium" was accepted for element 71. At the next meeting of the International Union the two 
names "wolfram" and "tungsten" for element 74 were mode optional. We shall use the name "tungsten." 

Element 61, promothium, was mode as an artificial radioactive isotope. The name "Illinium" was 
formerly used for element 61, when it was thoughl to exist in nature. 

The manufacture of element 97, berkelium. and element 98, californium, was announced early In 
1950 by workers In the University of California at Berkeley. 
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It was also found that when a compound is used as the target in an X-ray 
tube the X-ray spectrum produced by the tube contains the lines char¬ 
acteristic of all of the elements present in the compound. The X-ray 
method can accordingly be used not only to determine the atomic num¬ 
ber of an element, but also to find out whether a material contains 
atoms of only one element or atoms of two or more elements. 

Although all the atoms of a given element have the same atomic 
number, they are usually not all exactly alike, but arc of several different 
varieties, called the isotopes of the element. Isotopes are discussed in a 
later section of this chapter. 


The Names and Symbols of the Elements. The names of the ele¬ 
ments arc given in order of atomic number in Table 4-1. The clum.cal 
symbols of the elements, used as abbreviations for their names, arc a so 
given in the table. These symbols arc usually the initial letters of the 
names, plus another letter when necessary. In some cases the initial 
letters of Latin names arc used: Fc for iron (jerrum), Cu for copper 
(cuprum), Ag for silver (argentum), Au for gold (aurum), Hg for mercury 
(hydrargyrum). The system of chemical symbols P I ‘ 0 P o f d by ,hc 

great Swedish chemist Jons Jakob Berzelius (1779-1848) in 1811. 

The elements are shown in a special arrangement, the pcnod.c able, 
at the front of the book and in Table 5-1, and are also given in alpha- 
betical order in Table 4-2, as well as in the order of their atomic numbers 

in Table 4-1. . 

A symbol is used to represent an atom of an element, as well as the 

element itself. The symbol I represents the element >od.ne, and also 
may be used to mean the elementary substance However, I is he cus¬ 
tomary formula for the elementary substance because it “known «ha, 
elementary iodine consists of diatomic molecules in the » da " dl '' U,d 
states as well as in the gaseous state (except at very high temperature). 

to die Greek philosopher Arts,ode , h ,. liquid . and gaseous 

air, and fire. He presumah'y uscd .hc^ nu p ' r< . su|tljl , ly lhr dassification of wood 

..ate., and ihe sla.e of " h L..g wood Iransfor.ns i. in,., so.id ash 

as containing earth and air In,jm 

or charcoal and gaseous substances_ Thr Aristotelian 

Arijtotlc's "elements refer tosu.es, and , hc , wo 5rcm 

concept of elements was thus very re.no jn ni , mr e. The modern concept of 

to have in common only a striving to 'odu.cd . Eng |Uh scientist Robert 

elements a. simple forms ^"'7^““!^ b ,thed in 1662. The firs, success- 
Boyle (1627 1691), in his boo French chcmisi Antoine Laurent 

fill application of Boyle’s concept was made by Uic 



82 


Elements , Elementary Substances , and Compounds [Chap. 4\ 

Lavoisier (1743-1794), who gave an essentially correct table of thirty-three elements 
(including, however, heat and light!) in his book Traill Elbnenlaire de Chimie in 1789. 

There is evidence that gold, iron, copper, silver, lead, and tin were known to man 
before 3000 b.c., and that arsenic, antimony, and mercury were discovered before 
1500 b.c. In a manuscript written in Greek in the tenth or eleventh century and now 
kept in St. Mark’s Library in Venice, the work of an Egyptian alchemist (the early 
chemists were called alchemists), perhaps of the second century a.d., is described. In 
this manuscript seven metals are identified with seven celestial bodies—gold with the 
sun, silver with the moon, lead with Saturn, iron with Mara, copper with Venus, tin 
with Mercury, and clcctrum (an alloy of gold and silver) with Jupiter. The signs con¬ 
ventionally used for these bodies were used for the corresponding metals. Other symbols 
were also used; thus the symbol for iron oxide was a complex symbol containing the 
symbol for iron. 

The second-century alchemist whose work is described in the St. Mark’s manuscript 
was endeavoring to make gold. The endeavor to make gold was continued by alchemists 
throughout the Middle Ages, together with studies dealing with industrial processes, 
especially metallurgical processes, and with the manufacture of drugs. In the course of 
the early work cf the alchemists many important chemical discoveries were made. 

During the Middle Ages an extensive system, in part secret, of symbols for chemical 
substances was developed. Toward the end of the eighteenth century chemists began to 
make use of initial letters of the names of clement and compounds, instead of the older 
symbols. Berzelius then systematized this procedure, and his scheme was soon adopted 
by all chemists. 


4—2. The Formulas of Compounds 

Compounds are represented by formulas made up of the symbols of the 
elements contained in the compound. For example, NaCl is the formula 
for sodium chloride, which consists of equal numbers of sodium and 
chlorine atoms. When the atoms of the different elements arc not present 
in the compound in equal numbers, their ratios arc indicated by the 
use of subscripts. Thus HjO is the formula for water, each molecule ot 
which contains two hydrogen atoms and one oxygen atom. 

If the true molecular structure of a substance is known, it is proper 
to indicate it in the formula. Hydrogen peroxide is a compound of 
hydrogen and oxygen which differs from water in that two hydrogen 
at< v ^ and two oxygen atoms arc contained in its molecule. The formula 
fc drogen peroxide is written H 2 0 2 , and not HO. Similarly, the 
fo -a for cyanuric triazidc (Fig. 2-6) should be written G 3 N, 2 , and 
not -;N 4 , because each molecule contains three carbon atoms and twelve 
nitrogen atoms. 

More complex ways of arranging the symbols arc often used, espe¬ 
cially for organic compounds, in order to indicate how the atoms in 
the molecules are bonded to one another—that is, to show the details of 
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the structure of the molecules. Acetic acid, the acid of vinegar, has the 
formula C2H4O2. This formula is, however, often written HC2H3O2, to 
indicate that one of the four hydrogen atoms is easily replaced by another 
atom; salts such as sodium acetate, NaC2Hj0 3 , can be made. Some¬ 
times the formula of acetic acid is written CH3COOH, to indicate that 
in the molecule there is a group CH 3 attached to a carbon atom C, to 
which are also attached an oxygen atom O and an OH group. 

4—3. Chemical Reactions 

The gas hydrogen consists of diatomic molecules, H 2 . Oxygen also 
consists of diatomic molecules, 0 2 . If two flasks, one containing hydrogen 
and one containing oxygen, are connected together, the two gases mix 



FIG. 4-3 At the left thru li represented a gat containing Imogen molecules 
(//,) and oxygen molecules (O,). and at the ngh, the same system after chemical 
reaction , leading to the formation of water molecules, //- ). 


with each other quietly, to prtxlucc a gaseous mixture. If, however, 
a flame is brought into < onta< t with the gaseous mixture a violent ex¬ 
plosion occurs, and afterward the presence of water can be shown. 
This explosion is the result of the combination of hydrogen and oxygen 


with the e mission also of heat and 


to form a new substance, water, 
light. The difference between a mixture of hydrogen and oxygen and 
the substance obtained by combination of hydrogen and oxygen m 
terms of molecular structure is shown in Figure 4 - . 
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The elementary substance sodium is at ordinary temperatures a soft, 
white metal. It consists of sodium atoms arranged in a regular structure 
(Fig. 4-4) similar to that described for copper, but not identical with it. 
The elementary substance chlorine is a greenish-yellow gas, consisting 
of diatomic molecules, Cl 2 . Sodium metal will burn in chlorine gas, 
to give a new substance, which is sodium chloride (common salt), with 
properties greatly different from those of either of the two substances 
from which it is made. The sodium atoms in the sodium metal which 



FIG. 4-4 At the lejl there are represented chlorine gas molecules ( C/j) and 
metallic sodium , and at the right the same system after chemical reaction , with 
the formation of common salt, sodium chloride. 

reacted and the chlorine atoms in the chlorine gas which reacted arc 
present in the sodium chloride formed by the reaction, but rearranged 
and ordered in a new way. 

This process of concerting substances into other substances by the rearrangement 
of atoms is chemical reaction. The substances which arc destroyed* 
in a chemical reaction are called the reactants, and those which arc 
produced .ire called the products. 

Many examples of familiar chemical reactions might be mentioned. 
When gasoline burns, gasoline and oxygen of the air are the reactants, 
and carbon dioxide and water are the products (small amounts of other 
substances may also be produced). When an ordinary storage battery 


* I he clomt are not destroyed in such a chemical reaction; only their arratgemtU it destroyed. 
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is discharging, lead dioxide, lead, and sulfuric acid are the reactants, 
and lead sulfate and water are the products. 

In the crystal of sodium chloride there are atoms of two different 
kinds, arranged in the regular pattern shown in Figure 4-4. The smaller 
atoms are those of sodium and the larger ones are those of chlorine. 
The structure can be described in terms of a cubic unit, with four sodium 
atoms at 0, 0, 0; 0, 1/2, 1/2; 1/2, 0, 1 / 2 ; and 1/2, 1/2 0 ; and four 
chlorine atoms at 1/2, 1/2, 1/2; 1/2, 0, 0; 0, 1/2, 0; and 0, 0,1/2. The 
surface layers shown, which are the cube faces of the sodium chJonde 
crystal, contain both kinds of atoms in equal numbers, when the unit 

is repeated a great number of times. . ... 

The numerical ratio of sodium and chlorine atoms in «okd scxhmn 
chloride is fixed at 1 : 1 by the structure of the crystal, and that for 
sodium chloride gas is likewise fixed at 1 : 1 by the structurerof the 

.iayZu W -a 

>• ■■ —“*? £ 

ta,,,12!Tihc to »/ toto or to ./ *fto 

be represented by an equation. 

2Hi + O, —2H.O 

o„ h, ,*>= onto 

and the formula O, for oxygen, g numbers of atoms, 

for water. We use the formulas ' o nd ^ ate rC ‘ of thc chemic al 

” "f coefficient 2 in 

reaction. It is according y molecule and in front of the formula 

rc P r«n.in S «. *— 

of the reactants and products u * cqu ation as on the right 

cf atoms of each element on the left side oi tn cq „ 
ride of the equation is called “balancing the equation. 

tn .hat the sodium chloride crystal may be better dc- 
• It will be pointed out later (Chap- 9) y io n. Na*. and chloride ion, 

scribed as consisting alien, (electncally charged atom.,- «oo 

a-. 
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FIG. 4-5 

An alloy of gold and copper. The alloy consists 
of small crystals , each crystal being made of gold 
atoms and copper atoms in an orderly array , but 
with the atoms of the two different kinds dis¬ 
tributed essentially at random among the atomic 
positions. 


It is a very good practice to check every chemical equation that you 
write, to be sure that it agrees with the “law of the conservation of atoms 
of every element.” , 

The Atomic Structure of Materials Other than Pure Substances. In 

Figure 4-5 there is shown th • atomic structure of the gold-copper alloy 
used in jewelry. This material consists of small crystal grains, held 
firmly together by the interatomic forces between them, each grain being 
composed of atoms in a regular arrangement, the cubic closest-packed 
arrangement described in Chapter 2 for metallic copper. However, the 
atoms of gold and the atoms of copper are not distributed in a regular 
way, but instead occupy the atomic positions in the crystalline arrange¬ 
ment largely at random, as shown in the figure. Because of the random¬ 
ness of the distribution of gold atoms and copper atoms there is no re¬ 
quirement that the ratio of the number of gold atoms and copper atoms 
in a crystal of this solid solution have any particular value, and accord¬ 
ingly the composition of the alloy is not fixed by the structure of the 
crystal but is, instead, determined by the relative amounts of copper and 
gold that arc melted together to make the alloy. 

The structure of liquid and gaseous solutions is similar (see Fig. 4-3, 
representing a gasi jus mixture of hydrogen and oxygen). 

Other materials may consist of a mixture of grains each of which 
is a pure substance, or a mixture of grains or other phases which are 
themselves not pure substances but are solutions. In all of these cases 
the ratio of numbers of atoms of different kinds is not fixed by the 
structure of the material. 

4—4. The Difference in Chemical Properties of Elements 
and Compounds 

The Older Definition of an Element. It is only recently that methods 
(especially the study of the X-ray spectra produced by a substance) 
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have become available for determining directly whether a substance 
contains atoms of only one kind or of two or more kinds For two hun¬ 
dred years, since 1741, when M. V. Lomonosov (1711-1765), great 
and imaginative Russian poet and chemist, published his new ideas 
about thf nature of matter, and especially since 1789, when Lavoisier 
published such a clear discussion of the question as to convince nearly 
!dl of his fellow chemists, substances had undergone classification as 
elements or compounds on the basis of chemical reactions. Defimte 
chemical evidence for the compound nature of a ^bstance couM be 
obtained; if it was lacking, the substance was presumed to be an element. 
There are two chemical tests for the compound nature of a ^bstance^ 
First- 1/ a substance can be decomposed (that is, if it can be made to 
undergo reaction in which it alone is destroyed) to " 

product substances,* the original substance must be a 

molten salt can be decomposed completely into sodium and chlorme 
by pacing an electric current through it; hence is a compound Sun- 
ilLh-, mercuric oxide, HgO, can be decomposed into mercury and 

oxygen simply by h '^ n gjthence “ of a substance is 

the following: 7/ J 

common salt is a compound. methods, especially 

I, is interesting to note th a, U " ne^pj^ ^ ^ rigorously 

the X-ray method, were devc °P ■ |he carly years of the science 
proving a substance to be an c J ^ ^ c J ment * long as no 

of chemistry a substance w« P bccn obscrvcd . A t first some 

reaction showing it to be a ^ ol "P° Ca0 ) was considered to be 

mistakes were made: lime (calcium ox.de.^aO) ( , 778 _ 1829) 

*» ..* E - 8 “ zcz.TjL*', oo„ 

reduced it to calcium met*. 1808,^ ^ Howcvcr by 1900 
was accepted as an element ^ arc nOW known had been 

but about a score of the elements 

recognized and correctly ' ubsIan(X s is interesting as an 

This chemical method of • J a i-rxDerimcnt in which a substance 

example of logical argument * * ^ ' ubslanccs or is alone formed 

is decomposed into two or thb conclusion is inescapable, 

from them proves that it is a con j 

sr -l irU arc essentially different, and do not contain 

• Here it if assumed that the different P ro ° rhombic sulfur and monocl.mc 

the same atom* (a* do oxygen and orone, « 
sulfur; see Chapter* 6 and 17). 
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The failure of such an experiment, however, does not prove that the 
substance is an element. It is, indeed, not possible to prove that a sub¬ 
stance is an element by tests of this kind, no matter how many are made. 
It may be convenient to assume it to be an element, if there is no evi¬ 
dence to the contrary; but it should not be forgotten that the assumption 
is not necessarily true. 

Radioactivity and the Transmutation of Elements. For centuries before the 
development of chemistry as a science, the alchemists strove to carry out the transmuta¬ 
tion of elements , in particular to change mercury into gold with the aid of the “philos¬ 
opher’s stone.” Then, as scientific chemistry developed and success in transmutation 
eluded the investigators, the opinion gained firm hold that the conversion of one ele¬ 
ment into another was impossible, and that atoms were immutable and indestructible. 
The definitions of element and elementary substance accepted during the nineteenth 
century were based upon this belief. 

In 1896 there came the discovery of radioactivity by Henri Becquerel and the discov¬ 
ery of radium by Pierre and Marie Curie (Chap. 3). Soon thereafter it was recognized 
that radioactive changes involve the spontaneous conversion of atoms of one element 
into those of another. It then became necessary to change the definition of element; 
this was done by saying that one clement could not be converted into another ele¬ 
ment by artificial means. 

It has now become necessary to make another change in the definition. In 1919 Lord 
Rutherford and his collaborators at the Cavendish Laboratory in Cambridge, England, 
where active study of radioactive phenomena was under way, reported that they had 
succeeded ift converting nitrogen atoms into oxygen atoms by bombarding nitrogen 
with high-speed alpha particles (helium nuclei), which arc given off by radium. Since 
1930 there has been great progress in this field of artificial radioactivity, which now is 
the most actively prosecuted research field in physics. Nearly every clement has now 
been rendered radioactive and converted into other elements by bombardment with 
particles moving at high speed, and a great body of information about the properties 
of atomic nuclei is being gathered. As a result of this work it is now said that an element 
cannot be transmuted into another element by ordinary chemical methods. The dis¬ 
covery of these new phenomena might have led to confusion about the validity of the 
classification of substances as elementary substances and compounds were it not for the 
fact that our knowledge of the structure and properties of atoms has also increased rap¬ 
idly in recent years. In this book we have not made use of any variant of the old defi¬ 
nition, but have, at the beginning of this chapter, defined an clement as the kind of 
matter represented, by a particular kind of atom—namely, atoms with a particular 
atomic number. 


4—5. The Structure of the Hydrogen Atom 
and the Hydrogen Molecule 

The smallest and lightest nucleus is the proton. The proton carries one 
unit of positive charge, and with one electron, which carries one unit 
of negative charge, it forms a hydrogen atom. The proton is about as 
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heavy as a hydrogen atom, since its mass is 1,836 times that of the elec¬ 
tron All bJ 1/1 837 of the mass of the hydrogen atom is due 

Pr rn nuclear atom, some 

fSSSi&SS&S^ 

SSSasS^ggs 

way similar to that in w _ n (he normal hydrogen atom 

suggested that the orb calculated this radius from 

should be circular, with radius 0 . as discussed 

die frequencies °f the lines ^ for thc at0 m, in comparison 

S pe’r atom of solid and 

*- * ha " ,% ° f ,hC ^ ° f 

light ’ . ♦Kftnaht to be nearly but not quite right. The 

This picture is now thought to> * ^ rathcr in a somC what 

electron docs not move in a ^ tQ lhc nuclcus and some- 

random way, so that it it m ^ vcs ma inly toward thc nucleus 

times rather far »way M ^ dircctions abou , the nucleus instead 

or away from it, and « ' u does nQt suy just 0 .530 A from the 

of staying in one plane. A g Actually, by moving around 

nucleus, this is its most probable di .an c. Actu y y ^ 

rapidly, it 

1 A of the nucleus and so gives,he hydrg of ^ elcctron * 

of about 2 A, as >nd.ca,ed.n Figure^ ^ ^ x 10 , cm/sec . 

not constant; but its ave g , atom ^ having a heavy 

Thus we can describe the f 8 ^ spacc filled by the fast- 

abou ' thc nucleus - This sphere is about 

’ T Z Sc«o„ic or *>“• 

ch,p,c, (Chaps, e » 10). 
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The hydrogen molecule has the structure indicated in Figure 4-6. 
The two nuclei are firmly held at a distance of about 0.74 A apart; 
they oscillate relatively to each other with an amplitude of a few hun¬ 
dredths of an Angstrom at room temperature, and with a somewhat 
larger amplitude at higher temperatures. The two electrons move about 
ver rapidly in the region of the two nuclei, the.r time-average d.s- 
tribution being indicated by the shading in the figure. It can be seen 
that the motion of the two electrons is concentrated into the small region 
just between the two nuclei. We might draw an analogy with two steel 
balls (the nuclei) vulcanized into a tough piece of rubber (the electrons) 



FIQ. 4-6 The electron distribution in two hydrogen atoms (at the left) and 
a hydrogen molecule (at the right). The two nuclei in the molecule are 
Old A apart. 

which surrounds them and hinds them together. The electrons may be 
considered to he moving rapidly, as in the hydrogen atom; but their 
orbits in the hydrogen molecule include both nuclei. It is the two electrons 
held jointly by the two nuclei that constitute the chemical bond between the two 
hydrogen atoms in the hydrogen molecule. 


4—6. Isotopes and the Structure of the Nucleus 

In the discussion of the masses of atoms use is made of a very small unit 
of mass, about 1.660 X 10~ 34 g. This atomic mass unit is defined in the 
following section. 
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The mass of the hydrogen atom made from a proton and an electron 
is 1.0078 atomic mass units. Ordinary hydrogen consists almost entirely 
of these atoms, but in addition it contains about 1 part in 5,000 of 
heavier hydrogen atoms. The mass of a heavy hydrogen atom or deutenum 
atom is 2.0143 atomic mass units. The nucleus of the deuterium atom is 
called the deuteron. This nucleus has the same charge as the proton, 

but has about twice the mass of the proton. 

Nuclear physicists have observed a particle, the neutron, that 
has nearly the same mass (about 1.0090 units) as the proton, but is 
electrically neutral. The deuteron may be described as a nucleus with 
atomic number 1 and atomic mass 2, which is composed of one proton 

and one neutron. . . .. • 

The deuterium atom and the light hydrogen atom are the stable iso¬ 
topes of hydrogen.f It is now thought that all nuclei are built from 
protons and neutrons, and that the isotopes of an element are atoms whose 
nuclei contain the same number of protons (equal to the atomu number of the ele¬ 
ment) but different numbers of neutrons.§ 

Since the masses of the proton and the neutron are each very nea 
to one atomic mass unit, the integer nearest to the mass of an atom (the 
mass number) is the sum of the number of protons and the number 

" C rrr number is the number of protons in the nucleus and the 

mass number is the number of protons plus the number of neutrons m the 

"“The' word nucleon is now used to refer to any constituent of the nucleus 
either proton or neutron. The mass number of a nucleus is therefore 

the number of its nucleons. , 

All known elements have two or more isotopes. In some cases (beiy - 
hum, fluorine, sodium, aluminum, etc.) only one isotope OCC^ naP 
urally, the others being unstable. The maximum number of s.abl. 

isotODCS of any element is 10, possessed by tin. 

X chemical properties of all the isotopes of an element are essen¬ 
tially the same. These pro,xrties are determined in the main by 

0.e approximate 


• The ducovery ..... i* V'' . I.. ...,clr„, ......1.0 of ..... 

... 

decompov . >p..." J ." .’..' l y ( d denote a nuclear specie.. Nuclide. w.tl. 

| In recoil years ilic word **1*+ »**•' ** cn ,wa 10 
ihe tame electric cliar#** arc 
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t H‘ ,H* 2 He 4 

Proton Deutcron Alpha particle 



FIG. 4-7 

Hypothetical structures of some atomic nuclei. 
We do not yet know just how these nuclei are 
constructed out of elementary particles , but it is 
known that nuclei are approximately 10~ n cm in 
diameter , and are , accordingly , Ofry Jma// even 
compared with atoms. 


atomic mass is given as a superscript to the symbol: thus H 1 is light 
hydrogen and H 2 is heavy hydrogen (deuterium). Oxygen consists 
mainly of O l# , with much smaller amounts of O 17 and O 18 . When equa¬ 
tions for nuclear reactions are written, the atomic number is also often 
placed as a left subscript, thus: iH 1 , *O w . 

The detailed structure of nuclei is not known. Hypothetical diagrams 
of nuclear structure are shown in Figure 4-7. 


4-7. The Atomic Weights of the Elements 

All of the weight relations in chemical reactions depend upon the 
weights of the atoms of the elements. These weights (or masses), called 
atomic weights , arc very important in the study and practice of chemistry. 

The Meaning of Atomic Weights. The fact that many elements con¬ 
sist of a mixture of stable isotopes complicates the discussion of atomic 
weights. 

The chemical atomic weights of elements are the average relative 
weights (masses) of atoms of the elements, the average being for the 
usual isotopic composition of each element. 

The base of atomic weights is the element oxygen, with its atomic 
weight arbitrarily taken as 16.00000. 

Oxygen was chosen as the base by general agreement of chemists for 
the reason that it combines with most of the elements, whose atomic 
weights can then be evaluated by the experimental determination of the 
weight relations involved in the oxygen compounds. The choice of 
16.00000 is due to the facts that with this standard an astonishingly 
large number of elements have nearly integral atomic weights (carbon, 
C, 12.010; nitrogen, N, 14.008; sodium, Na, 22.997; etc.) and that 
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none has atomic weight less than one unit (hydrogen, H, 1.0080; helium, 
He 4.003; lithium, Li, 6.940). The atomic mass unit mentioned in the 
preceding’section, equal to 1.660 X 10"* g, is defined as exactly 1/16 
of the mass of an average oxygen atom. It is called the dalton , with 

symbol d. . . 

Ordinary hydrogen contains about one deuterium atom (mass 

2.0143 d) to every 5,000 light hydrogen atoms (mass 1.0078 d). We see 
that the extra mass, approximately 1 d, of one deuterium atom to tray 
5,000 light atoms would cause an increase in the average mass of 1 /5,000, 
or 0.0002 d, and that accordingly the average mass, or chemical atomic 
weight, of ordinary hydrogen is 1.0078 + 0.0002 = 1.0080. 

The chemical atomic weight defined in this way, as the average for 
the usual isotopic composition of the clement, would not be very useful 
unless the isotopic composition were constant. It is, in fact, found that 
the isotopic composition of most elements (the proportion of different 
isotopes) is the same for all natural occurrences of the element, to within 
the precision of experimental determination of atomic weights. An ex¬ 
ception is lead, which is found in certain minerals (where it was formed 
by radioactive decomposition of thorium) with atomic weight 205.96 
and in others (where it was formed by radioactive decomposition of 
uranium) with atomic weight 208.0. The atomic weight of ordinary 
lead, from the common mineral galena, PbS, is 207.21. Since galena is 
the source of almost all the lead that is used, this is the value given 

in the table of atomic weights. . 

Another exception is sulfur; it has been found that the isotopic com¬ 
position of sulfur from different sources varies somewhat, so that the 
atomic weight is given as 32.066 ± 0.003, the indicated uncertainty 
corresponding to the observed variation. 

™ . r t.Mni, Weight Scale. John Dallon, who in 1803 made the old 

gen and oxygen, a. determined by " anolhcr form waler, differs from 
hydrogen and of oxygen that tom . „f atomic-weight ratios had been 

> * Most a4,in R .^oo 

determined relative ubI „ was needed, except for hydrogen. It is 

oxygen as base, no change th . a fcw yrart ago (1938) the accepted 

good that dm decision was re. ^ , 0078 : 16 ,o 1 0080 : 16 as .he result 

ratio of atomic weights H . O was basis of atomic 

of more precise experimental work. If hydrogen were being used 
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TABLE 4-2 International Atomic Weights 


NAME 

SYM¬ 

BOL 

ATOMIC 

NUMBER 

ATOMIC 

WEIGHT* 

NAME 

SYM¬ 

BOL 

ATOMIC 

NUMBER 

ATOMIC 

WEIGHT* 

Actinium 

Ac 

89 

227 

Iodine 

1 

53 

126.91 

Aluminum 

Al 

13 

26.98 

Iridium 

lr 

77 

192.2 

Americium 

Am 

95 

12431 

Iron 

Fe 

26 

55.85 

Antimony 

Sb 

51 

121.76 

Krypton 

Kr 

36 

83.80 

Argon 

Ar 

18 

39.944 

Lanthanum 

La 

57 

138.92 

Arsenic 

As 

33 

74.91 

Lead 

Pb 

82 

207.21 

Astatine 

At 

85 

12101 

Uthium 

U 

3 

6.940 

Barium 

Bo 

56 

137.36 

lutetium 

Lu 

71 

174.99 

Berfcelium 

Bk 

97 

12491 

Magnesium 

Mg 

12 

24.32 

Beryllium 

Be 

4 

9.013 

Manganese 

Mn 

25 

54.94 

Bismuth 

Bi 

83 

209.00 

Mendelovlum 

Md 

101 

12561 

Boron 

B 

5 

10.82 

Mercury 

Hg 

80 

200.61 

Bromine 

Br 

35 

79.916 

Molybdenum 

Mo 

42 

95.95 

Cadmium 

Cd 

48 

112.41 

Neodymium 

Nd 

60 

144.27 

Caldum 

Co 

20 

40.08 

Neon 

Ne 

10 

20.183 

Californium 

Cf 

98 

12491 

Neptunium 

Np 

93 

12371 

Carbon 

C 

6 

12.011 

Nickel 

NJ 

28 

58.71 

Cerium 

Ce 

58 

140.13 

Niobium 

Nb 

41 

92.91 

Cesium 

Cs 

55 

132.91 

Nitrogen 

N 

7 

14.008 

Chlorine 

Cl 

17 

35.457 

Nobellum 

No 

102 

253 

Chromium 

Cr 

24 

52.01 

Osmium 

Os 

76 

190.2 

Cobalt 

Co 

27 

58.94 

Oxygen 

O 

8 

16.0000 

Columbiumt 

see Niobium f 


Palladium 

Pd 

46 

106.4 

Copper 

Cu 

29 

63.54 

Phosphorus 

P 

15 

30.975 

Curium 

Cm 

96 

12451 

Platinum 

Pt 

78 

195.09 

Dysprosium 

Dy 

66 

162.51 

Plutonium 

Pu 

94 

12421 

Einsteinium 

Es 

99 

(2541 

Polonium 

Po 

84 

210 

Erbium 

Er 

68 

167.27 

Potassium 

K 

19 

39.100 

Europium 

Eu 

63 

152.0 

Praseodymium 

Pr 

59 

140.92 

Fermium 

Fm 

100 

(2551 

Promethium 

Pm 

61 

(1451 

Fluorine 

F 

9 

19.00 

Protactinium 

Pa 

91 

231 

Francium 

Fr’ 

87 

(2231 

Radium 

Ra 

88 

226.05 

Gadolinium 

Gd 

64 

157.26 

Radon 

Rn 

86 

222 

Gallium 

Go 

31 

69.72 

Rhenium 

Re 

75 

186^2 

Germanium 

Ge 

32 

72.60 

Rhodium 

Rh 

45 

102.91 

Gold 

Au 

79 

197.0 

Rubidium 

Rb 

37 

85.48 

Hafnium 

Hf 

72 

178.50 

Ruthenium 

Ru 

44 

101.1 

Helium 

He 

2 

4.003 

Samarium 

Sm 

62 

150.35 

Holmlum 

Ho 

67 

164.94 

Scandium 

Sc 

21 

44.96 

Hydrogen 

H 

1 

1.0080 

Selenium 

Se 

34 

78.96 

Indium 

In 

49 

114.82 

Silicon 

Si 

14 

28.09 
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SYM- ATOMIC ATOMIC 
NAME BOl NUMBER WEIGHT* 


Silver 

Sodium 

Strontium 

Sulfur 

Tantalum 

TodinoHum 

Tallurlum 

Terbium 

Thallium 

Thorium 

Thulium 


Ag 

Na 

Sr 

S 

Ta 

Tc 

To 

Tb 

Tl 

Th 

Tm 


47 

11 

38 

16 

73 

43 

52 

65 

81 

90 

69 


107.880 

22.991 

87.63 

32.066$ 

180.95 

199] 

127.61 

158.93 
204.39 
232.05 

168.94 


NAME 


SYM- ATOMIC ATOMIC 
BOl NUMBER WEIGHT* 


Tin 

Titanium 

Tungiten 

Uranium 

Vanadium 

Xenon 

Ytterbium 

Yttrium 

Zinc 

Zirconium 


Sn 

Tl 

W 

U 

V 
Xe 
Yb 

Y 
Zn 
Z/ 


50 

22 

74 

92 

23 

54 

70 

39 
30 

40 


118.70 

47.90 

183.86 

238.07 

50.95 

131.30 

173.04 

88.92 

65.38 

9U2 


• A value given In bracket. 1. the ma»» numb *'°J''by action of the International Union 
f The Englidt name o* thl. element ha. been changed recently, by 

* IZ cat.7^ - - — * ^ - ° ,0m,C W#,QM 

of thl. element ho. a range of ±0.003. 

burgh and London, in 1816 sugg f hvf i r offcn At that time the available 

atomic weight* multiples of the atomic wc.g hy d ^ grccment wilh ** hypothesis, 
rough values of atomic weights showed g ^ ^ £ * 0 re accurate values were 
and Prout rejected as erroneous th hvoolhesi5 was contradicted by the facta; chlorine, 

obtained, it became clear thal 457 and boron has the atomic weight 10.82. 

for example, has the atomic weight 3M57^an ^ ihu8 cWorinc connsts of 

Prout’s hypothesis was revived ! y Slopes B'» and B u , in each case 

two natural isotopes Cl“ an ■ a present in such relative amounts as to give the 
with nearly integral atomic weights a P contained an element of truth, 

chemical atomic weight. It A striking property of nuclei 

The Einstein Equation and ^ ^ ^ of lhe masses 0 f ,he protons and 

is that the mass of a heap ^ {of lhi# u ^at during the combination of the 

neutrons that combine to form it. The . form of ra diation. In consequence 

nucleons a large amount of energy * rc e - me* (Equation 1-1), this radia- 

of the Einstein equation *'™**™£ in massif ’the material products by about 1%. 
leads to a corresponding decrease 


tion 
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Applied Chemistry,* are given in Table 4-2. The use of these values 
in carrying out chemical calculations is discussed in Chapter 7. 


4—9. Avogadro’s Number 


The meaning of atomic weights is closely related to a very interesting 
number, called Avogadro's number. This number is named after the 
Italian physicist Amedeo Avogadro (1776-1856), who made a very im¬ 
portant contribution to the laws describing the behavior of gases 
(Chap. 14). 

The atomic mass unit was defined as 1/16 of the mass of an average 
oxygen atom. It is evident that if we knew how many oxygen atoms 
there are in 16.00000 g of oxygen we could evaluate this unit. 

The amount of oxygen weighing 16.00000 g is called a gram-atom of 
oxygen. Avogadro’s number /V is defined as the number of oxygen 
atoms in a gram-atom of oxygen. It is, of course, also the number of 
atoms of any element in a gram-atom of that element, defined as the 
amount of the clement with weight in grams equal to the atomic weight. 

The value of Avogadro’s number was known with an accuracy 
of about 30% in 1875; one way in which it had been estimated, by 
Lord Rayleigh (1842-1919), was through the consideration of the blue 
color of the sky.f Avogadro's number was then determined to within 
about 1% by R. A. Millikan, through his oil-drop experiment, in 1909, 
and then more accurately (to within 0.1%) in the period between 1930 
and 1940 through the work of several experimental physicists. It is § 

TV = 0.6024 X 10* 4 


‘Avogadro’s number is a useful number in chemistry just because atoms 
are so small. Chemical reactions occur between atoms and molecules, 
• Report on the Committee on Atomic Weights of the American Chemical Society and the 
Commission on Atomic Weights of the International Union of Pure and Applied Chemistry, 
Journal of the American Chemical Society, 78, 3235 (1956). 

f A brief description of this subject is given in the article “Light” in the Encyclopaedia 
Bntanmca (14th Edition). 

5 It may be pointed out that Avogadro’s number as written above, 0.6024 X 10*. differ* 
from the usual convention about writing large numbers, according to which one integer is 
introduced before the decimal point. With this convention Avogadro’s number would be 
written as 6.024 X 10». However, there is great convenience in learning Avogadro’s 
number as 0.6024 X 10". An important use of this number involves the conversion of the 
volume of a gram-atom of an element into the volume per atom. The first volume is expressed 
in cm , and the second in A*. The relation between cm* and A* involves the factor 10*: 
1 cm ■> 10* A . Accordingly, in case that Avogadro’s number has been taken as 0.6024 X 10*. 
there is no trouble whatever in deciding on the position of the decimal point, whereas if 
6.024 X 10“ is used it is always necessary to decide whether the decimal point should be 
moved one place to the right or one place to the left. 
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and the weights of chemical substances which react with one another 
are, accordingly, determined by the weights of the atoms and molecules. 
We may say that when the reaction 

2H 2 + Oz —2H,0 

occurs 4 X 1.0080 d of hydrogen combines with 2 X 16.0000 d of oxy- 
een to’form 2 X 18.0160 d of water; but the dalton (the atom.c-weight 
unit) is so small that we feel the need to consider a certa.n very large 
number of atoms and molecules, whose we.ght would be of the order 
of a few grams or pounds. It would, of course, now be possible to de¬ 
cide to take, say, 1.000 X 10” as the standard numberj but dunng the 
period of development of chemistry the number called Avogadro s 
number was accepted as the standard number for this use. 

mrnssmi 

^h“hS^n^r is calculated - value of the charge of 

fifteen years the angle have• -^ Accurate measurement of the Bragg angle of 

of the waveeng crystal thcn permit, the determination of the s./c 

diffraction of these X ray l«n V n* volume of this unit by the den- 

° f ?Ymassof die atoms in the unit. By comparing this with the 

Ztf th C e aTomic weights of the atoms J- 

1-3 to 3-11. 


Exercises 

4-1. Define atomic number. Define ,!emenlary substance in terms of atoms. 

4-2 Describe a chemical experiment which would prove that water „ no, an element. 
STyou third, of a chemical proof that iron » an element? 

, u rA , rf i water vapor is driven ofT and a black residue, 
^ STthi. experiment prove rigorous,, .ha, sugar is no, an ele- 

ment? 
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4-4. What are the reasons for the final choice of O = 16.00000 as the base of atomic 
weights, instead of O = 100.00 or H = 1.0000, both of which were used in the 
past? 

4-5. The atomic weight of aluminum is 26.97. With use of Avogadro’s number, cal¬ 
culate the weight in grams of one aluminum atom. 

4-6. Define chemical symbol and chemical formula. Explain the purpose of each 
letter or number in a formula. 

4-7. Using your own words, give a definition of chemical reaction. 

4-8. Balance the following equations of chemical reactions: 

Fe + O, —>- FejO« 

Hj -f Nj —»- NH* 

HgO —Hg + O, 

CO + O, —►- CO, 

C.iHnO,, + O, —>- CO, + H,0 
NaCl + HiSO* —►- NaHSO« + HC1 
KCIO, —>- KC1 + O, 

H, + O, —►- H,0 

Zn + H,S 04 —>- ZnS0 4 + H, 

4-9. How was the definition of element affected by the discovery of radioactivity in 
1896? v 

4-10. What aspects of the flow of electricity are expressed by the words “coulomb, 0 
“ampere,” “volt,” “watt”? 

4-11. Is each of the following materials an element, a compound, or a mixture: 
naphthalene, sea water, copper, brass, iron rust, egg yolk? 

4-12. Exacdy what is meant by the statement that the atomic weight of tin is 118.70? 

4-13. The atomic weight of light hydrogen (with a proton as its nucleus) is 1.0078. 
With use of Avogadro’s number calculate the weight in grams of a single hydro¬ 
gen atom. The electron is stated in the text to have a mass only 1/1,846 of that 
of the hydrogen atom. What is the weight of the electron in grams? 

4-14. What are the atomic number and the approximate atomic weight of the element 
each of whose nuclei contains 79 protons and 118 neutrons? By reference to 
Tables 4-1 and 4-2 identify this element. 

4-15. How many protons and how many neutrons are in the nucleus of the isotope 
of chlorine with mass 35? of the isotope of chlorine with mass 37? of the isotope 
of plutonium with mass 239? 

4-16. When 1 ampere of direct current is flowing through the filament of an incan¬ 
descent bulb, how many electrons pass a given point on the filament each 
minute? Note that the value of the charge of the electron in coulombs is given 
in the text. 

4-17. A molecule of sulfur dioxide consists of a sulfur atom with two oxygen atoms 
attached to it. Using Avogadro’s number and the atomic weight of sulfur, 
calculate the weight of the sulfur atom, in grams. Also calculate the weight of 
the two oxygen atoms. What is the weight of the sulfur dioxide molecule, in 
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grams? What percentage of this weight is the weight of the sulfur atom? What 
would you say about the composition by weight of sulfur dioxide, in terms of 

sulfur and oxygen? 


4-18. By counting the flashes of light produced by alpha panicles when they stnke 
a screen coated with zinc sulfide, Sir William Ramsay and Professor Frederick 
Soddy found that 1 g of radium gives off 13.8 X 10- alpha parties (nucle. 
of helium atoms) per second. They also measured the amount of hel.um gas 
produced in this way, finding 0.158 cm- (at 0° C and 1 atm) per year per gram 
of radium. At this temperature and pressure 1 1 of helium weighs . g. 
Avogadro's number of helium atoms weighs 4.003 g (die a-omicwcighlo 
helium is 4.003). From these data calculate an approximate value of Avogadro 


number. 

4-19. An atom of Pd- lo«s a proton. What are its new atomic number and atomic 
weight? 

4-20. How many neutrons and how many protons may be considered to be present 
in the nuclide 4k Rh ,M ? 


Reference Book 

F. Sherwood Taylor, Tht ALhmUls, Henry Schuman, New York, 1918. 



Chapter j 


The Chemical 
Elements and the 
Periodic Law: Part 1 


The onc-hundrcd and two known elements include some with which 
everyone is familiar and many which are rare. Some of the elementary 
substances arc metals, and some are non-metals; at room temperature 
some arc gases, some are liquids, and some are solids.* They show ex¬ 
tremely great variety in their chemical properties and in the nature of 
the compounds which they form. In consequence, the study of chemistry 
is not simple or easy; to obtain a reasonably broad knowledge of gen¬ 
eral chemistry it is necessary to learn a great many facts. 

The facts of chemistry cannot be completely coordinated by a uni¬ 
fying theory. Nevertheless, the development of chemical theories has 
now proceeded far enough to be of great aid to the student, who can 
simplify his task of learning about the properties and reactions of sub¬ 
stances by correlating the empirical information with theories, such as 
the periodic law. 

5—1. The Periodic Law 

One of the most valuable parts of chemical theory is the periodic law. 
In its modern form this law states simply that the properties of the chemical 

• The elements which are gasa at standard conditions (0° C and 1 atm) arc hydrogen, 
helium, nitrogen, oxygen, fluorine, neon, chlorine, argon, krypton, xenon, and radon. The 
only elements which arc liquids at standard conditions arc bromine and mercury. 
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elements are not arbitrary , but depend upon the structure of the atom and vary 
unth the atomic number in a systematic way. The important point is that this 
dependence involves a crude periodicity which shows itself in the periodic 
recurrence of characteristic properties. 

For example, the elements with atomic numbers 2, 10, 18, 36, 54, 
and 86 are all chemically inert gases. Similarly, the elements with 
atomic numbers one greater—namely, 3, 11, 19, 37, 55, and 87—are 
all light metals that are very reactive chemically. These six metals, 
lithium (3), sodium (11), potassium (19), rubidium (37), cesium (55), 
and francium (87), all react with chlorine to form colorless salts that 
crystallize in cubes and show a cubic cleavage. The chemical formulas 
of these salts are similar: LiCI, NaCl, KCI, RbCI, CsCl, and FrC . 
The composition and properties of other compounds of these six metals 
are correspondingly similar, and different from those of other elements. 

The comparison of the observed chemical and physical properties 
of elements and their compounds with the atomic numbers of the ele¬ 
ments accordingly indicates that, after the first two elements, hydrogen 
and helium, there are the first short period of eight elements (from helium, 
atomic number 2, to neon, 10), the second short fier.od of eight element 
(to argon, 18), the first long period of eighteen elements (to krypton, 36), 
the second long period of eighteen elements (to xenon, 54), and then the 
very long period of 32 elements (to radon, 86). If enough new elements 
of very large atomic number are made in the future, it may well be 
found that there is another very long period of 32 elements, ending in 
another inert gas, with atomic number 118. 


5-2. The Periodic System 

The periodicity of properties of the elements with increasing atomic 
number may be effectively shown by arranging the elements in a table, 
called the periodic table or periodic system of the elements. Many 
different forms of the periodic system have been proposed and used^ 
We shall base the discussion of the elements and their properties in 
this book on the simple system shown as Table 5-1 (it is also reproduced 
inside the front cover of the book). 

The Development of 

“ "" 

to the other alkali metal* in iU properties. 



THE PERIODIC SYSTEM OF THE ELEMENTS 

_1 Group O 1 
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[§ 5-2) The Periodic System 

srsr—. -—=— 

^2==!^^—-is—asst 

ing of more than three similar e cm • ^ cxxjmt strontium, barium. Oxygen, 

mine, and iodine, and magncsium h ^ ^ f a m i| y , and nitrogen, phosphorus, 

sulfur, selenium, and tellurium had bee ..irments bv 18S4. 

arsenic, antimony, and bismuth^as anot cr *™ ,y a cd lhc elements in the 

,n 1862 the French chemist A. E. * de Cha ^ corrcsponding points on the 

order of atomic weights on a helical cu weicht He noticed that elements 

successive turns of the helix differing by 16 .r^ ”7 suggcslcd that "the 
with similar properties appeare near■ co^e ^ „ Thc English chemist J. A. R. 
properties of elements are** pr °J*‘ q | cUsti fication of the elements in order of atomic 
Newlands in 1863 proposed a sy n —jp, G f seven elements each, 

weights, in which the elements “"' d,v d d wilh fhe seven intervals of the musi- 
He termed his relauon the hw of «««., he d , d no , d „clop i, further, 

cal scale. His proposal was ndtcuW,'«« ’ ^ of thc periodic table was 

The final and most important step Mcndclyccv (1834-1907) made a 

taken in 1869, when the Russian ^chcmis i f ^ dements and their 

thorough study of the relation valence (Chaps. 9 and 10). 

physical and chemical properties, with IP* seventeen columns, resembling in a 

Mendelycev proposed a periodic table conta g (|hc nob | c gases had 

general way the periodic Table 5-1 with t bl g ^ ^ Mcndclyccv rcv ised this 
not yet been discovered at that time, see _ potions, corresponding to revised 
table, and placed a number of elements i ^ and |he German chemist 

values of their atomic weights. At the same time, ’ , proposed a table with 

Lothar Meyer (1830-1895), who was working -ndcpende^n y.^ ^ ^ e|e . 

eight Columns, obtained by splitting each of ^ e \ * ($uch aS F c, Co, Ni), and 

ments, an eighth group contam.ngthethrce jnd ^'ond periods of seven were later 

wSXiwZ nS“lvT? V^VHb, T a» .UgMy revised, in .be presen, 
periodic table even when it is written in * Mcndclyccv (thc ••short-period” 

Zsrat; - - -—* *■ 

gases helium, neon, argon etc., >Y ^ labIc c |osrly similar to that shown in 

and llie following years. A form of £ J u |i u * Thomsen (1826-1909). 

Table 5-1 was devised in .895 Sir J. j. Thomson and the 

After the discovery of the electron > J £ rncSl Rutherford, it was suggested 

development^ the theory of t »c nu ^' ar ^ |ha| lhc nU clcar charge of an element, 
in 1911 by thc Dutch physicist A. van a | lo lh c ordinal number of thc 

which we now call its atomic number, migm M 
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element in the periodic system. The young British physicist H. G. J. Moseley then 
determined the correct values of the atomic numbers of many elements by the study of 
their X-ray spectra, as described in Chapter 4. In 1922 Niels Bohr interpreted the 
periodic table in terms of the electronic structure of atoms in a way similar to that 
given in Chapters 9 and 10 of this book. 

The periodic law was accepted immediately after its proposal by Mendelyeev be¬ 
cause of his success in making predictions with its use which were afterward verified 
by experiment. In 1871 Mendelyeev found that by changing seventeen elements from 
the positions indicated by the atomic weights which had been accepted for them into 
new positions, their properties could be better correlated with the properties of the 
other elements. He pointed out that this change indicated the existence of small errors 
in the previously accepted atomic weights of several of the elements, and large errors 
for several others, to the compounds of which incorrect formulas had been assigned. 
Further experimental work verified that Mendclycev’s revisions were correct. 

Most of the elements occur in the periodic table in the order of increasing atomic 
weight. However, there still remain four pairs of elements in the inverted order of atomic 
weight; argon and potassium (the atomic numbers of argon and potassium are 18 and 
19, respectively, whereas their atomic weights ace 39.944 and 39.094), cobalt and 
nickel, teUurium and iodine, and protactinium and thorium. The nature of the isotopes 
of these elements is such that the atomic weight of the naturally occurring mixture of 
isotopes is greater for the clement of lower atomic number in each of these pairs than 
for the element of higher atomic number; thus argon consists almost entirely (99.6%) 
of the isotope with mass number 40 (18 protons, 22 neutrons), whereas potassium con¬ 
sists largely (93.4%) of the isotope with mass number 39 ‘(19 protons, 20 neutrons). 
This inversion of the order in the periodic system, as indicated by the chemical properties 
of the elements, from that of atomic weight caused much concern before the atomic 
numbers of the elements were discovered, but has now been recognized as having little 
significance. 

A very striking application of the periodic law was made by Mendelyeev. He was 
able to predict the existence of six elements which had not yet been discovered, cor¬ 
responding to vacant places in his table. He named these elements eka-boron, eka- 
aluminum, eka-silicon, eka-mangancse, dvi-manganese, and cka-tantalum (Sanskrit: 
eka , first; doi. second). Three of these elements were soon discovered (they were named 
scandium, j. um, and germanium by their discoverers), and it was found that their 
properties and the properties of their compounds arc very close to those predicted by 
Mendelyeev for eka-boron, eka-aluminum, and eka-silicon, respectively. Since then the 
elements tcchpetium, rhenium, and polonium have been discovered or made artificially 
(in the case of technetium; see Chap. 33), and have been found to have properties sim¬ 
ilar to those predicted for eka-mangancse, dvi-manganese, and cka-tantalum. A com¬ 
parison of the properties predicted by Mendelyeev for eka-silicon and those determined 
experimentally for germanium is given below: 


Mendelyeetfs 

(787J): 


predictions Jot eka-silicon 


Observed properties of germanium (discov¬ 
ered in 7886): 


Atomic weight about 72. 

Es will be obtained from EsOj or KjEsF* 
by reduction with sodium. 


Atomic weight 72.60. 

Ge is obtained by reaction of KjGeF* 
and sodium. 


I § 5-3] Description oj the Periodic Table 


Mendelyeerf s predictions —(Contd.): 

Es will be a dark-gray metal, with high 
melting point and density 5.5. 

Es will be slightly attacked by acids, such 
as hydrochloric acid, HC1, and will 
resist alkalies, such as sodium hydrox¬ 
ide, NaOH. 

On heating Es, it will form the oxide 
EsO,, with high melting point and 
density 4.7. 

A hydrated EsO, soluble in acid and 
easily reprecipitatcd is expected. 

The sulfide, EsS,. will be insoluble in 
water but soluble in ammonium sul¬ 
fide. 

EsCU will be a volatile liquid, with boil¬ 
ing point a little under 100 °, and 
density 1.9. 
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Observed properties— (Contd.): 

Ge is gray, with melting point 958° C 
and density 5.36 g/cm\ 

Ge is not dissolved by HC1 or NaOH, 
but is dissolved by concentrated ni¬ 
tric acid, HNOj. 

Ge reacts with oxygen to give GeO,. 
m.p 1,100° C, density 4.70 g/cm\ 

Gc(OH). dissolves in dilute acid and is 
reprecipitatcd on dilution or addi¬ 
tion of base. 

GeS, is insoluble in water and dilute 
acids, but readily soluble in ammo¬ 
nium sulfide. 

GeCl« is a volatile liquid, with b.p. 83° C 
and density 188 g/cm\ 


,, j u_ rn discovered the existence of neon, krypton, xenon, 
After helium and argon ha law and the search for these elements 

and radon was clearly indicate >y them radon was then discovered during 

in air led to the ^^£5 radioactive substances. While 

the investigation of the l> ro P* urc and the periodic law Niels Bohr pointed 

studying the relation between a > dmilar in its properties to zirconium. 

r n elemen, „d 7 ::S * -—- * —— 

LTdiToTthe mining Cement, which they named hafnium. 


5 - 3 . Description of the Periodic table 

_ , . . _ ,u„ ceriodic table arc called periods: they consist 

The horizontal row*hydrogen and helium, atomic num- 

^8 « S, . X l"n« P-W or 32 » “ 

P»«- .hi, U '"f K .ho .olomo io 00,- 

in 0,00.00. a. 0- C .oh , ..Oh - • 

X tXXXZ .ho periodic -Me, »hh connoc.i.os bo.weoo 
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the short and long periods as shown, are the groups of chemical ele¬ 
ments. Elements in the same group may be called congeners; these ele¬ 
ments have closely related physical and chemical properties. 

The groups I, II, and III arc considered to include the elements in 
corresponding places at the left side of all the periods, and V, VI, and 
VII the elements at the right side. The central elements of the long 
periods, called the transition elements , have properties differing from 
those of the elements of the short periods; these elements are discussed 



• o 10 /'o JO 40 50 60 70 80 90 

Atomic Number 


FIG. 5- . * .rvi of gram-atomic volume ( the volume containing 1 gram-atom) 

of li. e. .tents as Junction of atomic number , illustrating periodicity of properties. 

separately, as groups IVa, Va, Via, Vila, VIII (which, for historical 
reasons, includes three* elements in each long period), lb, lib, Illb, and 
IVb. 

The very long period is compressed into the table by removing 
fourteen elements, the rare-earth metals , from 7 = 58 to 7 = 71, and 
representing them separately below. 

The elements on the left side and in the center of the periodic table 
are metals. These elementary substances have the characteristic prop- 
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erties called metallic properties— high electric and thermal conductivity 
metallic luster, the ability to be hammered into sheets (malleability) 
and to be drawn into wire (ductility). The elements on the right side 
of the periodic table are non-metals, the elementary substances not 
having metallic properties. 

The metallic properties arc most pronounced for elements in the 
lower left-hand corner of the periodic table, and the non-metallic 
properties are most pronounced for elements in the upper right-hand 
corner. The transition from metals to non-metals is marked by the 
elements with intermediate properties, which occupy a diagonal region 
extending from a point near the upper center to the lower right-hand 
corner. These elements, which arc called metalloids, include boron, 
silicon, germanium, arsenic, antimony, tellurium, and polonium. 

5-4. The Noble Gases 

Helium, the clement with atomic number 2, is a gas with the very 
striking chemical property that it forms no ordinary chemical com- 
pounds, but exists only in the free state (there are a few exceptional 
compounds in which atoms of helium arc trapped within a crystaUme 
lattice) Its atoms will not even combine with one another to form 
diatomic molecules, but remain as separate atoms in the gas, which is 
hence described as containing monatomic molecules. Because of its 
property of remaining aloof from other elements it is called a 

ga This lack of chemical reactivity is the result of an extraordinary 
stability of the electronic structure of the helium atom. This stab.h y 
is characteristic of the presence of two electrons close to an atomic 

" The S o,her elements of the zero group of the periodic .able-neon, 
i . v -non ,nd radon—arc also chemically inert. I he fail- 

r.£E. «-*•* - 

stable electronic structures are formed by 2, , , ’ ’ 

trons about a nucleus. ^ ^ ^ ^ ^ or 

These six ga Cjreek roots: lirlms, sun; neos> new; 

Their names except radar, are ^ Radon is ndmcd after 

argos, inert; ryptos, i ‘ ’ | )V ra dioactivc decomposition. The 

radium, from which it is lorincu y 

properties of the noble gases are given in 1 able 
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Helium. Helium is present in very small quantities in the atmosphere. 
Its presence in the sun is shown by the occurrence of its spectral lines 
in sunlight. These lines were observed in 1868, long before the element 
was discovered on earth, and the lines were ascribed to a new ele¬ 
ment, which was named helium by Sir Norman Lockyer (1836-1920).* 


table 5-2 Properties oj the Noble Gases 



SYMBOL 

ATOMIC 

NUMBER 

ATOMIC 

WEIGHT 

MELTING 

POINT 

BOILING 

POINT 

Helium 

He 

2 

flea 

-272.2° C° 

-268.9° C 

Neon 

Ne 

10 

pec* 

-248.67° 

-245.9° 

Argon 

Ar 

18 

39.944 

-189.2° 

-185.7° 

Krypton 

Kr 

a* 

83.80 

-157° 

-152.9° 

Xenon 

Xe 

Bn 

131.30 


-107.1° 

Radon 

Rn 

86 

222 


-61.8° 


° At 26 otm pressure. At smaller prinurei helium remains liquid ot still lower temperotures. 


Helium occurs in some uranium minerals, from which it can be 
liberated by heating. It is also present in natural gas from some wells, 
especially in Texas and Canada; this is the principal source of the 
clement. 

Helium is used for filling balloons and dirigibles and for mixing 
with oxygen (in place of the nitrogen of the air) for breathing by 
divers, in order to avoid the “bends,” which are caused by gas bubbles 
formed by release of the nitrogen that had dissolved in the blood under 
increased pressure. 

Neon. The second noble gas, neon, occurs in the atmosphere to the 
extent of 0.002%. It is obtained, along with the other noble gases (except 
helium), by the fractional distillation of liquid air. 

When an electVical discharge is passed through a tube containing 
neon gas at low pressure, the atoms of neon arc caused to emit their 
characteristic spectral lines. This produces a brilliant red light, used 
in advertising signs (neon signs). Other colors are obtained by the use 
of helium, argon, and mercury, sometimes in mixtures with neon or 
with one another. 

• The ending "ium,” which is otherwise used only for metallic elements, is due to Lockycr’s 
incorrect surmise that the new clement was a metal. “Helion" would be a better name. 
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Arson. Argon composes about 1% of the atmosphere. It is used in 
incandescent light bulbs to permit the filament to be heated to a higher 
temperature, and thus to produce a whiter light, than would be prac¬ 
tical in a vacuum. The argon decreases the rate at which '^ meta he 
filament evaporates, by keeping vaporized metal atoms from diffusing 
away from the filament. 

Krypton, Xenon, and Radon. Krypton and xenon, which occttr in 
very small quantities in the air, have not found any significant use 
Radon, which is produced steadily by radium, is used m the treatment 

placed in proximity to the tissues to be treated. 

r u MAU r. a *e. The story of the discovery of argon provides 

an^efe^ ^ " 

small variable amounts of* a P£ ^ Cavcndish investigated the composition 
volume) and nitrogen ( 9,c). ^ passc d a n electric spark through 

of the atmosphere. He mixed whkh wcrc dissolved in an alkaline solution in 

the mixture, to form oxides of nil og , a lhcrc waS no f ur ihcr decrease 

contact with the gas 1 hc ^, ‘^nTemoved from the residual gas by treatment with 
in volume and the oxygen * ^ treatment only a small bubble of air remained 

a sulfide solution. He found *t ^ a , air A ,though Cavendish did not com- 

unabsorbed, not more than - ^ rn assumcd by chemists that if the sparking 

mil himself on the point, it see no rcsiduc and Cavendish’s 

had been continued for a on«« £ (hal only oxygen and nitrogen were 

experiment was according^ int.rpr 

present in the atmosphere. . invo j v ing the careful determination 

In 1894 Lord Rayleigh began an ■'w«. , ga. , . , n .nvolvmg,, ^ ^ nil[ogen hc 

of the densities of the gases hydrogen. ^ . iiSSC d the mixture over red-hot 

mixed dried air with an excess o ’ cU wilh ammonia, according to the 

copper. Under these conditions the oxygen 

equation 

4NH, + 30, —*- &H.O + 2N, 

en removed by bubbling the gas through sulfuric acid rhe 

The excess ammonia was then rcmo Y^ nlIrog en, derived ,n part from 

remaining gas, after drying, shou of , his gas was determined. Another 

the ammonia and in part from air. 1 ajr ov( , r Icd . ho , copp er, which removed 

sample of nitrogen was made simply I 
the oxygen by combining with it to form copper oxide. 

O, + 2Cu —2CuO 
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When the density of this gas was determined it was found to be about 0.1% greater 
than that from the sample of ammonia and air. In order to investigate this discrepancy, 
a third sample of nitrogen was made, by use of a mixture of ammonia and pure oxygen. 
It was found that this sample of nitrogen had a density 0.5% less than that of the sec¬ 
ond sample. Further investigations showed that nitrogen prepared entirely from air 
had a density 0.5% greater than nitrogen prepared completely from ammonia or in 
any other chemical way, as by mixing solutions of ammonium chloride, NH«C1, and 
sodium nitrite, NaNO>: 

NH«C1 + NaNO, —>- N, + 2H,0 + NaCl 

Nitrogen obtained from air was found to have density 1.2572 g/1 at 0° C and 1 atm, 
whereas nitrogen made by chemical methods had a density 1.2505 g/1. Rayleigh and 
Sir William Ramsay then repeated Cavendish’s experiments, and showed by spectro¬ 
scopic analysis that the residual gas was indeed not nitrogen but a new element. They 
then searched for the other stable noble gases and discovered them. 


5-5. Hydrogen 

Hydrogen, the first element in the periodic table, is unique; it has no 
congeners. It is a very widely distributed element; there are more com¬ 
pounds of hydrogen known than of any other element, carbon being a 
close second. 

Properties of Hydrogen. Free hydrogen, H*, is a colorless, odorless, 
and tasteless gas. It is the lightest of all gases, its density being about 
1/14 that of air. Its melting point ( — 259° C or 14° K) and boiling point 
(—252.7° C) arc very low, only those of helium being lower. Liquid 
hydrogen, with density 0.070 g/cm*, is, as might be expected, the lightest 
of all liquids. Crystalline hydrogen, with density 0.088 g/cm 8 , is also 
the lightest of all crystalline substances. Hydrogen is very slightly soluble 
in water: 1 liter of water at 0° C dissolves only 21.5 ml of hydrogen gas 
under 1 atm pressure. The solubility decreases with increasing temper¬ 
ature, and increases with increase in the pressure of the gas. 

The Preparation of Hydrogen. In the laboratory hydrogen may be 
made by the reaction of an acid such as sulfuric acid, H 2 S0 4 , with a 
metal such as zinc. The equation for the reaction is 

H 2 S0 4 -f- Zn —*- ZnS0 4 + H- f 

The vertical arrow placed beside the formula of hydrogen in this equa¬ 
tion is used to indicate that hydrogen is a gas, which escapes from the 
region of reaction. 

Hydrogen can also be prepared by the reaction of metals with water 
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or steam. Sodium and its congeners react very vigorously with water, 
so vigorously as to generate enough heat to ignite the liberated hydro- 
Ken. An alloy of lead and sodium, which reacts less vigorously, is some¬ 
times used for the preparation of hydrogen. The equation for the reac- 
tion of sodium with water is the following: 

2Na + 2H*0 —*- 2NaOH + H*t 

The substance NaOH produced in this way is called 

Much of the hydrogen that is used in industry, especially for the 
hydrogenation of vegetable oils and whale oil to convert. them into sohd 
fats, is produced by the reaction of iron with steam. The mam from _a 
boiler is passed over iron filings heated to a temperature of about 600 C. 
The reaction that occurs is 

3Fc 4- 4H 2 0 —*- Fe 3 0 4 + 4H ? f 

After a mass of iron has been used in this way for some time it is largely 
converted into iron oxide, Fe,O t . The iron can then be regenerated by 
passing carbon monoxide, CO, over the heated ox.de: 

Fc.O, + 4CO —*- 3Fc + 4CO, f 

The carbon monoxide is changed by this reaction into CO, carbon 

CaH, + 2H,0 — Ca(OH), + 2H, f 

, ... /.u a , ; s .he greatest ratio of weight of hydrogen 

zlm> ..—* * - - *■ 

hydride of the lightest metal, lithium. 

LiH + H,0 —LiOH + H,t 

in it. When two electrodes are Iicd hydrogen is lib- 

suitable potential dilh-rcncc o * « oxygen at the other electrode 
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2H 2 0 —2H 2 f + 0 2 f 

Thus two molecules of hydrogen are formed for each molecule of oxy¬ 
gen. It is interesting to note (see Fig. 5-2) that the volume of hydrogen 
produced by the passage of a given amount of current is twice as great 
as the volume of oxygen produced. This fact is related to the fact that 
in the above equation two molecules of hydrogen are shown as being 
produced for every molecule of oxygen. After many experiments with 
chemical reactions in which gases are involved were carried out, it was 
recognized about a hundred years ago that equal volumes of different 
gases contain the same number of molecules. This statement, together 
with the quantitative expression of the fact that gases expand in volume 
when they are heated and contract in volume when they are subjected 
to increased pressure, constitutes the gas laws y which will be treated 
in Chapter 14. 



FIG. 5-2 

Apparatus Jor the electrolysis of water. 
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A large part of the hydrogen used industrially is made by the elec¬ 
trolysis of water. 


History of the Discovery of Hydrogen. It was observed early in the 

pherc produced b> his air p P recognize that ihc hydrogen 

duced when hydrogen com incs ** J^ cx or acid . bui thought lhal ii had come from 
had originally been P roduc ^ Cavendish's name for hydrogen was “inflammable 

2^». hydrogen (warmer, from Gree, hydor, water. 

and gtnon, to form). 


5-6. Oxygen 

~ ( rtwopn Oxveen is the most abundant clement in 

TABLE 5-3 Composition oj the Atmosphere 


SUBSTANCE 


VOLUME PERCENT 
IN DRY AIR 


NllroQ«n 

Oxygen 

Argon 

Carbon dloxld# 
Hydrogen 


78.03 

20.99 

0.93 

0.03 

0.01 


SUBSTANCE 

VOLUME PERCENT 

IN DRY AIR 

Neon 

0.0018 

Helium 

0.0005 

Kryplon 

0.0001 

Oiono 

0.00006 

Xsaon 

0.000009 

— a > tf A 


Table 5-4 and Figure 5-3. 

The Discovery of Oxygen. J«*P |?9 ’. announced in 1774 the discovery of 
minister (he moved to the United . a {^ uer ,han air. He had prepared the 

a gas with the power of «*PP° r “"«■ ‘ 1 b h „ JS confinc d in a cylinder over mercury, 
gas by heating some,ed mercurtc ^ ^ serial (such 

• A mineral is any chemical ’j 1 ''"’'"'’ ^’'"'"cumng nalurally a' a product of inorganic 
as a liquid solution or a crystalline so mcICUIy are examples of liquid minerals, 

processes. Most mineral, are •° ,,d * . |b are example, of gaseous minerals. Amalgam 

and air and helium (from rocks o helium w of * so|ll , lon occurring as a 

(mercury eonuining dismlved ..her and jp>.dMS , hc Mineral calcite. C.CO.) or mix- 

STJ ££££* uTmixture o, three minerah. quarts, feldspar, and mica,. 
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table 5-4 The Estimated Composition by Weight oj the Earth's Crust 


Oxygen 

46.5% 

Sodium 

3 % 

Silicon 

- 28 

Potassium 

2.5 

Aluminum 

8 

Magnesium 

2.2 

Iron 

5 

Titanium 

0.5 

Calcium 

3.5 

Hydrogen 

0.2 


K. W. Schcclc (1742-1786) of Sweden seems co have prepared and investigated oxygen 
before 1773, but an account of his work was not published until 1777. 

Red mercuric oxide, HgO, is made by healing mercuric nitrate, Hg(NOj) 2 , which 
itself is made by the action of nitric acid (HNOa) on mercury. Priestley found that when 
mercuric oxide is healed to a high tcm|>cralurc it decomposes with the liberation of 
oxygen: 

2HgO —>• 2Hg + O: f 

In order to obtain the oxygen he introduced mercuric oxide into the top of a closed 
tube which had been filled with mercury, its open lower end being under the surface 
of a bath of mercury. He then heated the mercuric oxide by use of a burning glass (a 
large glass lens), and in this way collected the oxygen over mercury. He found that 
substances burned in the gas more vigorously than in air. In 1775 Lavoisier reported 
his work on the nature of combustion and the oxidation of metals, and advanced his 
new theory of combustion. Hr showed that 1 5 of the volume of air is removed by phos- 


Composition 
of earth*3 crust 


I Oxygen 
W, % 


Silicon 

29 



/Ml other* 



Probable structure 
of earth 


6 3 *o Km 


Crust 30 Km 
thick 4 


Dense *»*• 
catc rock 
2900 km th 


Core of FcandNi, probably molten 
in outer part and solid near center 


II f » • 5-3 l hr loHi/inutinn .»/ till rill I hi iru\l t mi/I thr prnhaldr sltUiliar 
'?/ the earth («* minted mainly Jr mn the study munis uj earthquake wares 
that hare passed through the earth). 
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[§ 5-6] Oxygen 

phorus or by mercury (when healed for a long time), and that by strongly heating 
the mercuric oxide formed in this way a gas with volume equal to the volume lost 
from the air could be recovered. He showed that this gas supported combust.on v.gor- 
ously, and could support life on inspiration. Lavoisier named the new gas oxygen (Greek 
„xy S , acid, and genon, to form) because he thought, mistakenly, that .. was a const,tuent 

of all acids. 

Preparation and Properties. Ordinary- oxygen consists of diatomic 
molecules, O,. It is a colorless, odorless gas, which is slightly soluble 
in water-1 liter of water at 0° C dissolves 48.9 ml of oxygen gas at 
1 atm pressure. Oxygen condenses to a pale blue liquid at its boiling 
point -183.0° C, and on further cooling freezes, at -218.4 C, to a 
pale blue crystalline solid. The solid, liquid, and gas are all paramag¬ 
netic.* This property of paramagnetism is rare except for «he transition 
metals and their metallic salts; most other substances are diamagnetic. 
Oxygen may be easily prepared in the laboratory by heating po.as- 

sium chlorate, KCIO*: 

2KC10, — 2KCI + 30, \ 

The reaction, proceeds readily at a temperature just above the melting 
point of potassium chlorate if a small amount of manganese dioxide 
MnO„ is mixed with it. Although the manganese dioxide increases 
the rate of evolution of oxygen from the potassium chlorate,« > 
is not changed. A substance with this property of accelooting a dum,cal re¬ 
action without itself undergoing significant change ,s called a catalyst, and » 

retail, mainly by the tacion,! dM.a.ion 
of liaufd air Nitrogen is more volatile than oxygen, and tends to evap- 

the evaporation nearly pure oxyg r( . s of , 00 atm or more 

Some CK- commercially, together with hydrogen, by 
the electrolysis of water. (hc dcmcn ts except the inert 

giTh" Trnmd am did -M-. Ea.mpfc. am hydn.- 

into liquid oxygm. Part of the liquid w.ll din* ■"** 

container. s-urument for the determination of the amount 

There ha* recently been ,nvrn * d * . nclic JU4C ept.bihty of the gas. Oxygen is the 

of oxygen in a gas by measurement o ^ magnclk fU ,cept.b,l.ty of a ga. m.xture 

only common gas that is strongly magn . 
is dneonined nearly entirely by .he amoun. of oxygen .n 
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gen oxide, H 2 0 (water); sodium oxide, Na 2 0; magnesium oxide, MgO; 
aluminum oxide, A1 2 0 3 ; zinc oxide, ZnO; sulfur dioxide, S0 2 ; arsenic 
trioxide, As*0 6 . Most of the elementary substances combine so vigor¬ 
ously with oxygen that they will bum, either spontaneously (phospho¬ 
rus) or after ignition (sulfur, hydrogen, sodium, magnesium, iron, etc.). 
A few, such as copper and mercury, form oxides only slowly, even when 
heated; and others, such as iridium, cannot be made to react direcdy 
with oxygen, although their oxides can be prepared by indirect methods. 

Many compounds of oxygen are discussed throughout this book. 

5 - 7 . Acids, Bases, and Salts 

The alchemists observed that many different substances when dissolved 
in water give solutions with certain properties in common, such as acidic 
taste and the property of reacting with metals such as zinc with libera¬ 
tion of hydrogen. These substances were classed as acids. It is now known 
that the acidic properties of the solutions are due to the presence of 
hydrogen ion , H + , in concentration greater than in pure water. 

The usage of the word “acid” is variable. For many purposes it is 
convenient to say that an acid is a hydrogen-containing substance that 
dissociates on solution in water to produce hydrogen ion. Examples of acids, 
in addition to those given earlier in this chapter, are 

hydrobromic acid, HBr (hydrogen bromide) 

hydrosulfuric acid, H 2 S (hydrogen sulfide) 

nitric acid, HN0 3 

perchloric acid, HC10 4 

chloric acid, HC10 3 

carbonic acid, H 2 C0 3 

In recent years the word “acid” has been used by chemists in much 
more general ways. These are discussed briefly in a later chapter of 
this book (Chap. 21). These extensions of the concept of acidity are 
interesting, but for most purposes it is satisfactory to adhere to the 
older usage described above. 

A base is a substance containing the hydroxide ion , 0H ~, or the hydroxyl 
group, OH, which can dissociate in aqueous solution as the hydroxide ion , 0H~. 
Basic solutions have a characteristic brackish taste. 

Hydroxides of metals are compounds of metals with the hydroxyl 
group, OH. The hydroxides of the metals are bases. The hydroxides 
LiOH, NaOH, KOH, RbOH, and CsOH are called alkalies; and 
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Be (OH) 2 , Mg(OH)„ Ca(OH) 2 , Sr(OH)„ and Ba(OH) 2 are called 
alkaline earths. A basic solution is also called an alkalwe solution 

Acids and basis combine to form compounds which arc called salts. 
Thus the reaction of sodium hydroxide and sulfuric acid produces the 
salt sodium sulfate, Na 2 S0 4 , and water: 

2NaOH + H 2 SO< —*- Na 2 S0 4 + 2H 2 0 
Similarly, the reaction of calcium hydroxide and phosphoric acid pro¬ 
duces water and calcium phosphate, Ca»(PO,) 2 : 

3Ca(OH) a + 2H 3 PO, —Ca»(P0 4 )t + 6H,0 


Hydrogen Ion (Hydroniuro Ion) and Hydroxide Ion. The hydro¬ 
gen ion H + , has a very simple structure: it consists of a bare proton 
without the electron .ha, is attached to it m a hydrogen atom The 
hydrogen ion has a positive electric charge of one unit. The bare 
proton, H + , does not exist in appreciable concentration maquw 
solutions, but instead exists attached to a water molecule, forming the 

^ Because'of thc^dditional complexity introduced into chemical equa¬ 
tions by use of H 3 0 + in place of H + , it is customary for the sake of 
convenience to write equations for reactions of acids in aqueous solu- 
tion with use of the symbol H + . It is to be understood that this is a 
shorthand device, and that the molecular species present is the hy- 

The "hydroxide ion, which is present in basic solutions, carries a 
negative charge: its formula is OH . 

Nomenclature of Acids, Base,, and Salts. Acids with one two, and 
three replaceable hydrogen atoms arc called monop,otic, cl,pro ,r and 
trip,otic aads, respectively, and bases with one, two and three replace¬ 
able hydroxyl groups arc called monohydroxic, dihydroxtc, and tnhydroxic 
ties Salts, such as Na,SO„ which result from complete neutralization 
of an acid by a base are called norma, salts; those containing more add 
are called acid salts, and those containing more base basic salts. 

The ways of naming salts are i.lustraied by the following examples, 
older names which are now no, approved are given in parentheses. 

Na,SO,: sodium sulfate, normal sodium sulfate 

NaHSO.: sodium hydrogen sulfate; sodium and sulfate, (sodium 

bisulfaie) 
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Na,PO,: normal sodium phosphate; trisodium-phosphate; sodium 
phosphate, tribasic; sodium phosphate, tertiary 
Na,HPCV disodium monohydrogen phosphate; sodium mono¬ 
hydrogen phosphate; sodium phosphate, dibasic; sodium phos¬ 
phate, binary or secondary 

NaHiPO*: sodium dihydrogen phosphate; sodium phosphate, 

monobasic; sodium phosphate, primary 
Ca(H,PO,)i: calcium dihydrogen phosphate; calcium phosphate, 

monobasic; calcium phosphate, primary ... 

CaHPO,: calcium monohydrogen phosphate; calcium phosphate, 
dibasic; calcium phosphate, secondary 
Note that the prefixes and adjectives give the relative numbers of equiv¬ 
alents (rather than atoms) of metal and hydrogen, an equivalent of 
a metal being the amount that takes the place of one atom of hydro- 
gen. 


Indicator.. Acids and bases have the property of causing many organic 
substances to change color. Thus if lemon juice is added to a cup of tea, 
the tea becomes lighter in color; a dark-brown substance m the tea is 
converted into a light-yellow substance. That this change is reversible 
may be shown by adding an alkaline substance, such as common bak¬ 
ing soda (sodium hydrogen carbonate, NaHCOj) to the tea; this will 
restore the original dark color. A substance that has this property of 
changing color when acid or base is added to it is called an indicator. 

A very common indicator is litmus , a dye obtained from certain 
lichens. Litmus assumes a red color in acidic solution and a blue color 
in basic solution. A useful way of testing the acidity or basicity of a 
solution is by use of paper in which litmus has been absorbed, called 
litmus A solution which gives litmus paper a color intermediate 

between blue and red is called a neutral solution. Such a solution contains 
hydrogen ions and hydroxide ions in equal (extremely small) amounts. 


Acidic Oxides and Basic Oxides. An oxide such as sulfur trioxide, 
S0 3 , or phosphorus pentoxide, P 2 0 5 , which does not contain hydrogen 
but which with water forms an acid, is called an acidic oxide or acid 
anhydride. The equations for the reactions of formation of the corre¬ 
sponding acids from these oxides are the following: 

SO, + H.O —*- H 3 SO< 

P 2 O s + 3H 2 0 —2H 3 P0 4 

The oxides of most of the non-metallic elements arc acidic oxides. 
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An oxide which with water forms a base is called a basic oxide. The 
oxides of the metals are basic oxides. Thus sodium oxide, Na 2 0, reacts 
with water to form a base, sodium hydroxide: 

NajO + H 2 0 —2NaOH 

Acidic oxides and basic oxides may combine directly with one an¬ 
other to form salts: 

Na 2 0 -+■ SO 3 —Na 2 SO« 

3CaO + P 2 0* —Ca 3 (P04)t 


5 - 8 . Ozone 

Ozone is a blue gas which has a characteristic odor (its name is from 
the Greek oztin, to smell) and is a stronger oxidizing agent than ordinary 
oxygen. It is formed when an electric spark or a silent electric discharge 
is passed through oxygen. 

Although its properties arc different from those of ordmary oxygen, 
ozone is not a compound, but is elementary oxygen in a different form- 
a form with three atoms in the molecule (O,) instead of two, as in 
ordinary oxygen (Fig. 5-4). 

The existence 0 / an elementary substance in two forms is called allotropy 
(Greek allolropia, variety, from alios , other, and tropos , direction). Ordi¬ 
nary oxygen and ozone arc the allotropes of oxygen. Allotropy is shown 
by many elements; it is due either to the existence of two or more kinds 
of molecules (containing different numbers of atoms) or to the existence 
of two or rtiorc different crystalline forms; that is, of different arrange¬ 
ments of the atoms or molecules in a crystalline array. 



FIG. 5-4 

Molecules of oxygen and ozone. Thu drawing, like most of 
the drawings of atoms and molecules m this hook, is made 
with linear magnification about 60 'Vl<).0t)0. 




O/onc Molecule 
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Ozone contains more energy than oxygen: the heat evolved when 
48 g of ozone decomposes to oxygen is 32,400 cal, * and that amount 
of energy must have been given to the ozone molecule by the electric 
discharge when the ozone was formed. Because of its greater energy 
content, ozone is more reactive than oxygen. It converts mercury and 
silver into oxides, and it readily frees iodine from potassium iodide, 
whereas oxygen docs not cause these reactions at room temperature. 

Like some other oxidizing agents (such as chlorine), ozone has the 
power of converting many colored organic substances to colorless prod¬ 
ucts; it accordingly finds use as a bleaching agent for oils, waxes, starch, 
and flour. It is also used instead of chlorine for sterilizing drinking water, 
by destroying the bacteria in it. 

5-9. The Phlogiston Theory 

During nearly the whole of the eighteenth century chemistry was dominated by a 
striking theory, the phlogiston t/uory. The phlogiston theory can be traced back to the 
teachings of the German alchemist Johann Joachim Bechcr (1635-1682), who be¬ 
lieved that combustion of a substance involved the loss of a form of matter, the prin¬ 
ciple of combustion, which he named Una pinguin. The German physician Georg Ernst 
Stahl (1660-1734), who had been a pupil of Becher’s, developed the phlogiston theory 
in an effort to give a general explanation of chemical reactions. He assumed that there 
exists a substance phlogiston (Greek phlogiuin , to set on fire, to burn), the material of fire. 
Metals were supposed to be composed of a calx (Latin calx , stone, limestone), combined 
with phlogiston. There was a characteristic calx for each metal. Candle wax and char¬ 
coal were supposed to consist mainly of phlogiston: and when they burned, phlogiston 
was supposed to be liberated as heat and light, only a small residue remaining. When 
a metal oxide is heated out of contact with air the oxide is reduced to the inctal itself; 
Stahl described this reaction by saying that when a calx is heated with charcoal out of 
contact with air the phlogiston of the charcoal combines with the calx, producing the 
metal. The phlogiston theory thus provided a general explanation of the chemical 
processes of oxidation and reduction: oxidation was taken to be the liberation of phlo¬ 
giston, and reduction combination with phlogiston. 

It is interesting to consider other ways in which chemical phenomena were accounted 
for by the phlogiston theory. The success of the theory in providing these explanations 
explains the fact that it had many strong adherents. 

The food ingested by an animal was assumed to consist largely of phlogiston, which 
when released produced the heat of the animal body. Both combustion and life cease 
in a confined volume of air-the explanation of this was that a given volume of air could 
hold only a certain amount of phlogiston, and when it became saturated it could not 
support combustion or life. 

When limestone or chalk (calcium carbonate, CaCOj) is strongly heated, it is con¬ 
verted into quicklime (CaO). According to the phlogiston theory' quicklime was a 

* The caloric (cal) is a unit of heat (a unit of energy). It is defined as the amount of heat 
required to raise the temperature of 1 g of water by 1° C (more precisely, from 14.5° C to 
15.5° C). 


121 


[§ 5-9] The Phlogiston Theory 

compound of limestone with phlogiston, obtained from the heat. Joseph Black (1728- 
1799X a Scottish professor, showed that the process of convers.on of l.mestone into quick¬ 
lime is accompanied by a loss in weight, rather than a gain in weigh, as would be ex¬ 
pected from the phlogiston theory. This investigation, carried out m the middle of the 
eighteenth century, did no. cause the supporters of the phlogiston theory to abandon it. 
Indeed, it seems likely that it was generally known by them that the metals <h«nselv« 
are lighter than their calces. The fact was explained by saying .ha, * f °™ 

of matter that is repelled in the earth's gravitational field (everyone knows tha, 

H wL Scheclc began his studies on phlogiston, he found tha, when hydrogen (which 
he Considered to be^ phlogiston, is burned in air contained over water, the vo ume of 
air decreases. He also found tha, the water seemed to be unchanged, a ^ h ' C ° nC ud ^ 
that the phlogiston had combined with a constituent of air, fire-air. to form cator i 

caloric could be dioxide) or ihe red calx of mercury (mercuric oxide), 

2 r^rw^dTerve the phlogiston and combine with it, and liberate the 
fire-air. He carried out the 

^ C n r amH"he y g - y '"dephlogis 1 ica,ed marine acid.” The equation for the reaction he 
carried out is 

MnOj + 4HC1 —MnClt + 2HjO + Clj f 

Scheele made his di.overv of fire-air in. .773, 
lished until 1777. very well, and could 

He was surprised to find that g , „J, lhcsc facts by saying that ordinary air 
support Use respiration o“7J„ nnol make room for much more, whereas 
is partially saturated Mhp £ a|cd , ir » U free of phlogiston, and can absorb 

a wi tV;: l - «-•>-«»* - — a - a - r 

(nitrogen) he called "^?22pi«d ,ha > Pri «" c *'* "' , '' rimcnU ^ Riu< ' n 
It was Lavoisier, in 1775, wh * Priestley's gas, which he named oxygen, 

another interpretation * such as sulfur and phosphorus to form acids 

could combine with non-mciall - d /,,, r <a |crs of the metals). The 

(acidic oxides), and with metas to or ' n '* |dnds f oxi d c s. The phlogistonists 

metallic salts were formed by ^ -.on^of the tw, ^ ^ inflammablc air 

objected to the ,hfor V bf,aU “ f() jn acids -the same salt is formed when a metal 
(hydrogen) when metals are d | ibcralion of the phlogiston as inflammable air. 

calx is dissolved in acid, but w.t f ^ hydrogrn an d oxygen combine 

Lavoisier then learned about avc ^ * mcla | dissolves in an acid (a non-metal 

to form water, and he recognize combine with the metal to produce the 

oxide plus water) the oxygen o t c" lhc hydrogen of the water 

metal oxide, which with the non-metal ox.de g. cs 

being liberated. nol given up for about thirty years 

Uvoisier’s idea that all acids con y% ^ contain oxygen. In 1807 Davy 

Thu idea required, of course, that hyar 
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showed that hydrogen chloride reacts with potassium to form potassium chloride and 
hydrogen, and he pointed out that there was no evidence to show that chlorine is not 
an element. Within a few years the elementary nature of chlorine was accepted by 
chemists generally (J. J. Berzelius was the last of the great chemists of the time to accept 
the idea, in 1820), and hydrogen was recognized as the essential constituent of acids. 

Exercises 

5-1. It is said in the text that one of the most valuable parts of chemical theory is the 
periodic law. State this law in your own words. 

5-2. Define congener, metal, metalloid, transition element. 

5-3. Sketch a plan of the periodic table, and fill in from memory the symbol* of the 
first eighteen elements. 

5-4. By extrapolation with use of the data given in Table 5-2, predict values of the 
atomic weight, melting point, and boiling point of element 118. What would 
you expect its chemical properties to be? 

5-5. Where was helium first detected? What is the principal source of this clement at 
present? 

5-6. List as many uses as you can for the various noble gases. 

5-7. What are the most important metallic properties? In what part of the periodic 
table arc the elements with metallic properties? 

5-8. Classify the following elements as metals, metalloids, or non-metals: potassium, 
arsenic, aluminum, xenon, bromine, silicon, phosphorus. 

5-9. The density of calcium is 1.54 g/cm\ Calculate the gram-atomic volume of 
calcium. 

5-10. What is the lightest gas? the lightest liquid? the lightest crystalline substance? 
the substance with the lowest known melting point and boiling point? 

5-11. What arc allotropes? What differences in properties and structure between 
oxygen and ozone can you mention? 

5-12. Do you know any elements other than oxygen which exist in allotropic forms? 

5-13. Write the equation for the neutralization of acetic acid, HC*H|Oj, by sodium 
hydroxide, NaOH. Write the equation for the neutralization of this acid by cal¬ 
cium hydroxide, Ca(OH)j. 

5-'. 4. Write equations to represent the formation from sodium hydroxide and phos¬ 
phoric acid of normal sodium phosphate, disodium raonohydrogen phosphate, 
and sodium dihydrogen phosphate. 

5-15. When sulfur is burned in air, it forms the gas sulfur dioxide, SO*. What is the 
formula of the acid of which this gas is the anhydride? 


Chapter 6 


The Chemical 
Elements and the 
Periodic Law: Part 2 


The chemistry of the elements lithium, beryllium, boron, carbon, nitro¬ 
gen, and fluorine and of the congeners of lithium, beryllium, and boron 
is discussed in the following sections. 


6 - 1 . Lithium, Beryllium, Boron, and Carbon 

The four elements lithium (atomic number 3), beryllium (4), boron (5), 
and carbon (6) strikingly illustrate the dependence of properties on 
position in the periodic table. Lithium is a rather soft, very light ele¬ 
ment with characteristic metallic properties; beryllium is harder and 
denser, and its metallic properties are less pronounced; boron is still 
harder and denser, and its properties are not those of a metal, but ra.her 
those of a metalloid; carbon (diamond) is extremely hard, denser by 

50% than boron, and is a non-metal. 

These differences in properties are shown in Table 6-1 . Itto seen 
that the density increases steadily from 0.530 g/cm> for lithium to 
3.51 g/cm’ for carbon (diamond). The atomic radius decreases cor¬ 
respondingly from 1.55 A for lithium to 0.77 A for carbon The nu n 
point and the boiling point, which like hardness and related prop K 
may be considered to reflect the strength of the bonds U-.wcxn atom 
in the substance, increase steadily, the melting pom, from 186 C for 
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lithium to 3,500° C for carbon and the boiling point from 1,336° C for 
lithium to 4,200° C for carbon. 

It will be pointed out later (Chap. 10) that the change m properties 
from lithium to carbon is correlated with the use by atoms of these ele¬ 
ments of all their electrons except two in the formation of bonds with 
adjacent atoms in the elementary substances. Thus lithium, with three 
electrons per atom, uses one electron per atom in forming bonds be¬ 
tween lithium atoms, beryllium uses two electrons per atom, boron three 


table 6-1 Physical Properties oj Elements Jrom Lithium to Carbon 


Atomic number 
Atomic weight 
Density (g/cm 1 ) 

Grom-domic volume (cmY9* otoin ) 
Atomic radius (A) 

Melting point (°C) 

Boiling point ( a C) 

Heat of sublimotion (kcal/ g-olom) 
Electric conductivity (mho/cm)* 
Mechonical properties 


Mohs hordness 


LITHIUM 

BERYIUUM 

BORON 

CARBON 

(DIAMOND) 

3 

4 

5 

6 

6.940 

9.013 

10.82 

12.011 

0.530 

1.82 

2.54 

3.51 

13.1 

4.95 

4.26 

3.42 

1.55 

1.12 

0.89 

0 77 

186* 

1,350° 

2.300° 

3,500° 

1.336° 

2.000° (?) 

2.550° 

4,200° 

39 

75 

115 

141 

11 X 10* 

6 X 10* 

1 x io-‘ 

2 X 10““ 

toil 

hard 

very hord 

extremely hord 

malleoble 

malleoble 

brittle 

brittlo 

ductile 

ductile 



1 

6.5 

9.3 

10 


• Th. electric couMMiy. i» »*»/«”. •» *>• Oreo.* of cvrr.nl. in ompere,. flow,n 0 .hrovgh o rod of 
material -i.h cro..-..«.ion I cm- -hen Ih.r. i. on electric po.en.iol difference b.h-.en Hr. end. of .he 
rod of I vol. per cm of length of «.. rod. (Not. thol mho i. the onogrom of ohm, the am. of electric re- 
sistance. A wire with conductivity x mho hos resistance 1/x ohm.) 


electrons per atom, and carbon four electrons per atom. We might 
accordingly expect that the bonds between the carbon atom and its 
neighboring atoms would be altogether approximately four times as 
strong as those between the lithium atom and neighboring atoms, and 
the properties of the substances support this idea. An interesting exam¬ 
ple is provided by the heat of sublimation. The values given in the table 
represent the amounts of energy, in kcal,* necessary to convert one 
gram-atom of the clement from the standard crystalline slate to the 
gaseous monatomic state. It is seen that these values arc roughly equal 
to 37 keal/g-atom multiplied by the number of binding electrons. 

• A kilocalorie (kcal) is 1,000 calorics. 
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The characteristic properties of a metal are high electric conductivity, 
malleability, and ductility. It is seen that lithium and beryllium have 
these properties. Boron, on the other hand, has a very small electric 
conductivity at room temperature, and that of diamond is still smaller. 
Boron and diamond are also brillle, rather than malleable and ductile. 

Boron is called a metalloid rather than a non-metal in part because of its chemical 
properties, which are discussed below, and in part because of the change in .ts electric 
conductivity with temperature. Metals have high elec.nc conductivity, which decrees 
with increasing temperature. Non-metals have extremely low electric conductivity, 
which does not increase very much with increasing temperature. Metalloids have low 
electric conductivity, which increases rapidly with increasing temperature. Thus the 
electric conduct or boron increases a mi.lion-fo.d on heating the substance from 
room temperature to a red heat, whereas that of diamond changes by only a small 

s -—=--t 

the electric conductivity to increase„ ian a , | owcr ,,-mperature because of 

lion of each free electron at higher I , cm perature, but the effect of this 

the irregularity of tlie atom.c arrange^ ‘ ^ morc ' |han cmin , crb alanced by the 

v'tzzz: m - ,,oid wi,h incrcasinB ,cm - 

peraturc. 

6 - 2 . The Alkali Metals 

fused chlorides. Because of , J"" oi ^"^e‘mclab are useful chemical re- 

— 1 * ( ^ da,,y sodiu,n) 

. c (Fn element 87. has been obtained only in nnnu, 

•The sixth alkali metal, franr.um -Ir, rem ^ ic$ . 

quantities, and no information has ,>r ' n P" ’ 
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in the manufacture of organic chemicals, dyestuffs, and lead tetraethyl 
(a constituent of “ethyl gasoline”). Sodium is used in sodium-vapor 
lamps, and, because of its large heat conductivity, in the stems of valves 
of airplane engines, to conduct heat away from the valve heads. A 
sodium-potassium alloy is used as a heat transfer agent in uranium 
piles. Cesium is used in vacuum tubes, to increase electron emission from 
filaments (Chap. 8). 

The vapors of the alkali metals are monatomic. 

Compounds of sodium are readily identified by the yellow color that 
they give to a flame. Lithium causes a carmine coloration of the flame, 
and potassium, rubidium, and cesium cause a violet coloration. The 
elements may be easily identified by use of a spectroscope. 


tabi.f. 6-2 Properties of the Alkali Metals 



SYM¬ 

BOL 

ATOMIC 

NUMBER 

ATOMIC 

WEIGHT 

MUTING 

POINT 

BOILING 

POINT 

DENSITY 

METAL11C 

RADIUS* 

RADIUS 

OP 

CATION, 

M + 

Lithium 

m 

3 

6.940 

186® C 

1,336° C 

0.530 g/em* 

1.55 A 

0.60 A 

Sodium 

No 

11 

22.991 

97.5° 

880° 

.963 

1.90 

0.95 

Potanlum 

K 

mm 

39.100 

62.3° 

760° 

.857 


1.33 

Rubidium 

Rb 

p 

85.48 

38.5* 

700° 

1.594 


148 

Cuiium 

a 

a 

132.91 

28.5° 

670° 

1.992 


1.69 


• For coordination number 12—that b, for a ifructure In which tho atom b In contact with twelve 
neighboring atom*. 


The hydroxides of the alkali metals, which are called alkalies , all have 
the formula MOH (M = Li, Na, K, Rb, or Cs), the chlorides the 
formula MCI, the sulfates the formula M5SO4, and the nitrates the 
formula MNO s . 

Compounds of Lithium. Lithium chloride, LiCl, is made by fusing 
a mineral containing lithium with barium chloride, BaCl 2 , and extract¬ 
ing the fusion with water. Lithium chloride is used in the preparation of 
other compounds of lithium. 

When lithium is heated in a stream of hydrogen, the compound 
lithium hydride, LiH, is formed. This substance reacts with water 
with the liberation of a large volume of hydrogen, relative to the weight 
of the substance: 

LiH + H 2 0 LiOH + H 2 f 
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Lithium occurs in the minerals spodumene , LiAISijO,; amblygonile, 

LiAlPOiF; and lepidolite, K ! LijAUSi 6 O J0 F ( . 

Compounds of lithium have found use in the manufacture of glass 
and of glazes for dishes and porcelain objects. 


Compounds of Sodium. The most important compound of sod.um .s 
sodium chloride (common salt), NaCl. It crystallizes as colorless cubes, 
with melting point 801° C, and it has a characterisnc salty taste. It 
occurs in sea water to the extent of 3%, and in solid deposits and con¬ 
centrated brines that are pumped from wells. Many million tons of the 
substance are obtained from these sources every year. It is used mainly 
for the preparation of other compounds of sodium and of chlorine, as 

well as of sodium metal and chlorine gas. 

Sodium hydroxide (caustic soda), NaOH, is a white, hvgroscop.c 
(water-attracting) solid, which dissolves readily in water. Its solutions 
have a smooth, soapy feeling, and are very corrosive «o ‘hesk.n (this 
is the meaning of “caustic” in the name “caustic soda )_ Sodium hy¬ 
droxide is made cither by the electrolysis of sodium chloride (Chap. 13) 
or by the action of calcium hydroxide, Ca(OH)„ on sodium carbonate, 

Na,CO,: 

Na 2 COs + Ca(OH), CaCO, \ + 2NaOH 

Calcium carbonate is insoluble, and precipitates out during this reaction 
leaving the sodium hydroxide in solution. Sodium hydroxide is a useful 
laboratory reagent and a very important industrial chemical. It is used 
in industry in the manufacture of soap, the refining of Pf ,ro ' cum ' 
the manufacture of paper, textiles, rayon and cellulose film, and many 

0t &o r dium U carbonate (washing soda), Na,CO a -10H-.O, ' s a whll ‘' 

crystalline substance used as a household alkali, for washing and clean 
\Z and as an industrial chemical. The crystals of the decahydrau lose 
water readily, forming the monohydrate, Na.COj H-O Th. mo 
hydrate when heated to 100° changes to anhydrous sodium carbonate 

c.rbon.I. <*% ~ 

NaHGOa, is a while substance usually available as a [>ow( < r. I is use 
in cooking, in medicine, and in the manufacture of baking powder. 

Baking powder U a Evening agent 

lu purple i. lo provideand sour milk, ins,cud of baking powder. 
In invowes Urc aclion of an acid on sodium hydrogen 
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carbonate, to form carbon dioxide. When sour milk is used, the acid that reacts with 
the sodium hydrogen carbonate is lactic acid, HC*H»0^ the equation for the reaction 
being 

NaHCOa + NaC*H s O, + H,0 + CO, f 

The product NaCjH.O, is sodium lactate, the sodium salt of lactic acid (Chap. 28). 
Crcam-of-tartar baking powder consists of sodium hydrogen carbonate, potassium hy- 
' drogen tartrate (KHC 4 H 4 0*, commonly known as cream of tartar), and starch, the 
starch being added to keep water vapor in the air from causing the powder to form a 
solid cake. The reaction that occurs when water is added to a cream-of-tartar baking 
powder is 

NaHCOa + KHC^O. —*- NaKC^.O. + HsO + CO, f 

The product sodium potassium tartrate, NaKC 4 H 4 0», has the common name “Rochelle 
salt.” Baking powders arc also made with calcium dihydrogen phosphate, Ca(H«PO«)t» 
sodium dihydrogen phosphate, NaHjPO*. or sodium aluminum sulfate, NaAl(S0 4 )t, as 
the acidic constituent. The last of these substances is acidic because of the hydrolysis of 
the aluminum salt (Chap. 21). 

The leavening agent in ordinary bread dough is yeast, a microorganism. This micro¬ 
organism produces an enzyme (an organic catalyst) that converts sugar into alcohol and 
carbon dioxide: 

CeHuO* —2C,HjOH + 2CO, f 

The formula CeHuO* in this equation represents glucose, a simple sugar. 


Compounds of Potassium. Potassium chloride, KC1, forms colorless 
cubic crystals, resembling those of sodium chloride. There arc very 
large deposits of potassium chloride, together with other salts, at 
Stassfurt, Germany, and near Carlsbad, New Mexico. Potassium chlo¬ 
ride is also obtained from Scarles Lake, in the Mojave Desert in 
California. 

Potassium hydroxide, KOH, is a valuable, strongly alkaline sub¬ 
stance, with properties similar to those of sodium hydroxide. Other 
important salts of potassium, which resemble the corresponding salts of 
sodium, arc potassium sulfate, K,S0 4 , potassium carbonate, K2CO3, 
and potassium hydrogen carbonate, KHCO3. 

The principal use of potassium compounds is in fertilizers. 

The compounds of rubidium and cesium resemble those of potassium 
closely. They do not have any important uses. 


6 - 3 . The Alkaline-Earth Metals 

The metals of group II of the periodic table, beryllium, magnesium, 
calcium, strontium, barium, and radium, are called the alkaline-earth 
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metals.* Some of their properties are listed in Table 6-3. These metals 
are much harder and less reactive than the alkali metals. The com¬ 
pounds of all the alkaline-earth metals arc sim.lar in composition. 

An interesting deviation from the customary regular increase in 
density of the elementary substance with increase ,n atomic number 
through a group of the periodic table is shown by these metals. The 
density decreases somewhat from beryllium to magnesium, and again 
from magnesium to calcium, t and then shows the normal rapid increase. 

TABLE 6-3 Properties oj the Alkaline-Earth Metals’ 



SYMBOL 

ATOMIC 

NUMBER 

ATOMIC 

WEIGHT 

MELTING 

POINT 

DENSITY 

<9 cm*) 

METALLIC 

RADIUS 

RADIUS 

OF 

CATION 

M’* 

Beryllium 

Magnesium 

Calcium 

Strontium 

Barium 

Radium 

Be 

Mg 

Co 

Sr 

Ba 

Ra 

4 

12 

20 

38 

56 

88 

9.013 

24.32 

40.08 

87.63 

137.36 

226.05 

1.350° C 
651° 

810° 

800° 

850° 

960° 

1.86 

175 

1.55 

2.60 

3.61 

(4.45) t 

1.12 A 

1.60 

1.97 

2.15 

2 22 

(2.46)* 

0.31 A 

0.65 

0.99 

1.13 

1.35 


t Estimated. 

cancc. Both the atomic weigh, and « flccn_ ^ ^ 

metal arc seen to increase rap 1 niorc significa n t from bc- 

^e density (which is proportional to 

[atomic weightl/|cubc of radius)) to decrease. 

Beryllium. Beryllium is a 

made by electrolysis of a Ruction of metals are 

and sodium chloride (electroly kin „ windows for X-ray 

discussed in Chap. 13). The mc ‘ a “ wj|h )ow a ,omic number, and 
tubes; X-rays readily penetrate c properties of the very light 

dements!! of special alloys. About 2% 

* Their oxide, are called .he alkaline see Table 6-2. 

t A lirnilai decree in density occur, from Kxl.um po 
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beryllium in copper produces a hard alloy especially suited for use in 
springs. 

The principal ore of beryllium is its aluminosilicate, beryl, 
BeaAhSiflOis- Emeralds are beryl crystals containing traces of chromium, 
which gives them a green color. Aquamarine is a bluish-green variety of 
beryl. 

The compounds of beryllium have little special value, except that 
beryllium oxide, BeO, is used in the uranium piles in which plutonium 
is made from uranium (Chap. 33). 

Compounds of beryllium are very poisonous. Even the dust of the 
powdered metal or its oxide may cause very serious illness when inhaled. 

Magnesium. Magnesium metal is made by electrolysis of fused mag¬ 
nesium chloride, and also by the reduction of magnesium oxide by 
carbon or by ferrosilicon (an alloy of iron and silicon). Except for cal¬ 
cium and the alkali metals, magnesium is the lightest metal known; and 
it finds use in light-weight alloys, such as magnalium (10% magnesium, 
90% aluminum). 

Magnesium reacts with boiling water, to form magnesium hydroxide, 
Mg(OH)j, an alkaline substance. The metal bums in air with a bright 
white light, to form magnesium oxide, MgO, the old name of which 
is magnesia. Flashlight powder is a mixture of magnesium powder and 
an oxidizing agent. 

Magnesium oxide suspended in water is used in medicine (as “milk 
of magnesia”), for neutralizing excess acid in the stomach and as a 
laxative. Magnesium sulfate, “Epsom salts,” MgS0 4 -7Hi0, is used as 
a cathartic. 

Magnesium carbonate, MgCOa, occurs in nature as the mineral 
magnesite. It is used as a basic lining for copper converters and open- 
hearth steel furnaces (Chap. 27). 

Calcium. Metallic calcium is made by the electrolysis of fused calcium 
chloride. CaCl*. The metal is silvery-white in color, and is somewhat 
harder than lead. It reacts with water, and burns in air when ignited, 
forming a mixture of calcium oxide, CaO, and calcium nitride, Ca*N 2 . 
Calcium reacts with cold water to form calcium hydroxide, Ca(OH) 2 . 
The common name of calcium oxide is quicklime , and that of calcium 
hydroxide is slaked lime. 

Calcium has a number of practical uses—as a deoxidizer for iron 
and steel and for copper and copper alloys, as a constituent of lead 
alloys (metals for bearings, or the sheath for electric cables) and of 
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aluminum alloys, and as a reducing agent for making other metals from 
their oxides. 

The most important compound of calcium is calcium carbonate, 
CaC0 3 . This substance occurs in beautiful colorless crystals as the min¬ 
eral calcite (Fig. 6-1). Marble is a microcrystalline form of calcium car¬ 
bonate, and limestone is a rock composed mainly of this substance. Cal¬ 
cium carbonate is the principal constituent also of pearls, coral, and 



PIG. 6-1 Xdlniiil >iyslot> h, CnC<h. Juuciitg/d,m. t ••/ .t.oroge an,! 

haw they /noilur e the ileaiage sh.Miedion (A//). / hr fin/nilY "/ bnejnngence 
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FIG. 6-2 

Natural crystal of aragonite , another form of calcium carbonate , 
CaCO\. 


most scashells. Calcium carbonate also occurs in a second crystalline 
form, as the mineral aragonite (Fig. 6-2; see also Sec. 6-8). When calcium 
carbonate is heated (as in a lime-kiln, where limestone is mixed with 
fuel, which is burned), it decomposes, forming quicklime: 

CaCOa —*- CaO + CO* f 

Quicklime is slaked by adding water, to Ibrm calcium hydroxide: 

CaO + H*0 —Ca(OH)* 

Slaked lime prepared in this way is a white powder which can be mixed 
with water and sand to form mortar. The mortar hardens by forming 
crystals of calcium hydroxide, which cement the grains of sand to¬ 
gether; then on exposure to air the mortar continues to get harder by 
taking up carbon dioxide and forming calcium carbonate. 

Large amounts of limestone are used also in the manufacture of 
Portland cement, described in Chapter 30. 

Calcium sulfate occurs in nature as the mineral gypsum, * CaS0 4 • 2H*U. 
Gypsum is a white substance, which is used commercially for fabrication 
into wall board, and for conversion into plaster oj Pans. When gypsum is 
heated a little above 100° C it loses three-quarters of its water of crys¬ 
tallization, forming the powdered substance CaS0 4 -}H*0, which is 

• Sometimes the formula of a substance is written in a special way. to give indication of 
the properties of the substance. The formula of gypsum might be written CaH.SO,. In¬ 
stead. it is written CaSO.-211,0. because gypsum is closely related to sulfuric acid. H^Oj. 
and might be expected to contain the SO. group, and also because, when gypsum is heated, 
water is very readily driven off. The formula CaS0,-2H : 0 indicates that gypsum is easily 
decomposed into anhydrous calcium sulfate. CaSO.. and 2 molecules of water. A substance 
such as gypsum is said to contain water oj trjntalligation. 
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plaster of Paris. When mixed with water the small crystals of plaster 
of Paris dissolve and then crystallize as long needles of CaS0,-2H ? 0. 
These needles grow together, and form a solid mass, with the shape into 
which the wet powder was molded. 

Calcium phosphate, Ca 3 (PO.) 2 , occurs in large deposits in nature 
(phosphate rock). It is converted into calcium dihydrogen phosphate, 
Ca(H,P04) 2 , and is used as a fertilizer. 

Strontium. The principal minerals of strontium are strontium sulfate, 
celeslite, SrS04, and strontium carbonate, slronliamte, SrCOj. 

Strontium nitrate, Sr(NOj),, is made by dissolving strontium car¬ 
bonate in nitric acid. It is mixed with carbon and sulfur to make red 
fire for use in fireworks, signal shells, and railroad flares. Strontium 
chlorate, Sr(C10,) 2 , is used for the same purpose. The other compounds 
of strontium are similar to the corresponding compounds of calcium. 
Strontium metal has no practical uses. 

Barium. The metal barium has no significant use. Its principal com¬ 
pounds are barium sulfate, BaSO., which is only very slightly soluble 
in water and dilute acids, and barium chloride, BaCI, 2H a O, which is 
soluble in water. Barium sulfate occurs in nature as the mineral barite. 

Barium, like other elements with large atomic number, absorbs X-rays 
strongly, and a thin paste of barium sulfate and water is swallowed as a 
“barium meal” to obtain contrasting X-ray photographs and fluoro¬ 
scopic views of the alimentary tract. The solubility of the substance is so 
small that the poisonous action of most barium compounds is avoided. 

Barium nitrate, Ba(NOj)i, and barium chlorate, Ba(CIO,)„ arc 
used for producing green fire in fireworks. 

Radium. Compounds of radium arc closely similar in properties to 
those of barium. The radioactivity of radium is discussed in ( hapt. r 33. 


6-4. Boron and Aluminum and Their Congeners 

Boron. Boron can be made by heating potassium tetrafluoroborate 
KBF„ with sodium in a crucible lined with magnesium ox.de: 

KBF, + 3Na —*- KF + 3NaF + B 
The element can also be made by heating boric oxide, B,0 3 . with pow. 
dered magnesium: 

BjOj + 3Mg —- 3MgO + 2B 
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Boron forms brilliant transparent crystals, which are nearly as hard 
as diamond. The element has found some use in removing oxygen from 
molten copper before making castings of copper. 

Boron forms a compound with carbon, B 4 C. This substance, boron 
carbide, is the hardest substance known next to diamond, and it has 
found extensive use as an abrasive and for the manufacture of small 
mortars and pestles for grinding very hard substances. 

Boron forms several hydrides, the simplest of which is diborane, B 2 H 6 , 
a poisonous, ill-smelling, spontaneously inflammable gas. 

Boric acid, HjBOs, occurs in the volcanic steam jets of central Italy. 
The substance is a white crystalline solid, which is sufficiendy volatile 
to be carried along with a stream of steam. It is a very weak acid, and 
is used in medicine as a mild antisepde. It is an excellent preservative 
for foods, but this use is illegal because of its toxicity. 

The principal sources of compounds of boron are the complex 
borate minerals, including borax , sodium tetraborate decahydrate, 
Na 2 B 4 0 7 • 10H 2 O; kernite , sodium tetraborate tetrahydrate, Na*B 4 0 7 • 4H a O 
(which gives borax when water is added); and colemanite , calcium hexa- 
boratc pentahydrate, Ca 2 B*Ou • 5H 2 0. The main deposits of these min¬ 
erals are in California. 

These minerals are salts of the complex acids H 2 B 4 0 7 , tetraboric acid, 
and H 4 B 6 On, hexaboric acid, which, like the acid anhydride boric ox¬ 
ide, B 2 0 3 , may be made by the dehydration of boric acid: 

4 H 3 BO 3 —H 2 B 4 0 7 4- 5H 2 0 
6 H 3 BO, —H 4 B 6 0„ + 7H s O 
2 H 3 BO 3 —>- B 2 0, 4- 3H 2 0 

Borax is used in making certain types of enamels and glass (such as 
Pyrcx glass, which contains about 12% B a Oj), for softening water, as a 
household cleanser, and as a flux in welding metals. The last of these 
uses depends upon the power of molten borax to dissolve metallic oxides, 
forming borates. This power is also used in the laboratory for identifying 
the metal in a metallic oxide. A small amount of borax is melted in a 
loop of platinum wire, with loss of most of the water. The metallic oxide 
is then added to the “borax bead,” and, on further heating, it dissolves, 
giving to the bead, which forms a glass on cooling, a color which may 
be characteristic of the metal (green for chromium, blue for cobalt, etc.). 

Aluminum. The second element in group III, aluminum, is an im¬ 
portant metal. Its density is only 2.712 g/cm*, and it is strong as well as 
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light, and is ductile and malleable. It finds extensive use as a structural 
metal, especially in airplane construction. 

The metal is reactive, and when strongly heated it burns rapidly in 
air or oxygen. Aluminum dust forms an explosive mixture with air. 
Under ordinary conditions, however, aluminum rapidly becomes coated 
with a thin, tough layer of aluminum oxide, which protects it against 
further corrosion. This protection is so effective that the sixty-inch and 
hundred-inch telescope mirrors on Mt. Wilson have not had to be re¬ 
coated with aluminum (which was deposited as a reflecting layer by 
evaporation in a vacuum) for several years, whereas the silver coating 
formerly used tarnished rapidly and was replaced every few months. 

Some of the alloys of aluminum are very useful. Duralumin or dural 
is an alloy (containing 95% aluminum, 4% copper, 0.5% manganese, 
and 0.5% magnesium) which is stronger and tougher than pure alu¬ 
minum. It is less resistant to corrosion, however, and often is protected 
by a coating of pure aluminum. Plate made by rolling a billet of dural 
sandwiched between and welded to two pieces of pure aluminum is 


called Alclad plate. # , , . 

The principal ore of aluminum is bauxite , a mixture of hydrated alu- 
minum oxides (AlHO„ Al(OH),). The metal is won from the ore by an 
electrolytic process, described in Chapter 13, and is sometimes further 

purified by electrolysis. . , . 

Aluminum is a constituent of many minerals, including c ay, mica, 
feldspar, sillimanitc, and the zeolites. Some of these minerals arc dis¬ 
cussed under the chemistry of silicon, in Chapter 30. ... 

Aluminum oxide (alumina), A1,0,. occurs in nature as the mineral 
corundum. Corundum is the hardest of all naturally occurring substances 
except diamond. Corundum and impure corundum (emery) are used a 
abrasives. Pure corundum is colorless. The precious stones rul.y red) and 
sapphire (blue or other colors) arc transparent crystalline corundum on- 
taining small amounts of other metallic oxides (chromic o-de u. mum 
oxide) Artificial rubies and sapphires can be made by melting un 
oxide (m p 2,050° C) with small admixtures of other oxides, and cooling 
the meh in such a way as to produce large crystals. 1 ‘'■•sc -nes are in¬ 
distinguishable from natural stones, except for the pr^cc * 

istic rounded microscopic air bubbles. I "> ar< us< /V (hrouRh which 

(“jewels”) in watches and other instruments, and a_d.es through_wluch 

wires are drawn. Very finely divided aluminum ox.de (aCoaUd alumina) 

is used as a dehydrating agent and as a catalyst. ... , 

., . \r - Ai rcn«V 18 HiO. may be made by dissolving aiu 

Aluminum sulfate, AJi(SO«; m ^ uscd in walcr puri fi- 

minum hydroxide or bauxite in sulfur - 
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cation and as a mordant in dyeing and printing cloth (a mordant is a 
substance which fixes the dye to the cloth, rendering it insoluble). Both 
of these uses depend upon its property of producing a gelatinous precipi¬ 
tate of aluminum hydroxide, Al(OH),, when it is dissolved in a large 
amount of neutral or slightly alkaline water (see Hydrolysis, Chap. 21). 
In dyeing and printing cloth, the gelatinous precipitate aids in holding 
the dye on the cloth. In water purification it adsorbs* dissolved and sus¬ 
pended impurities, which are removed as it settles to the bottom of the 
reservoir. 

A solution containing aluminum sulfate and potassium sulfate forms, 
on evaporation, beautiful octahedral crystals of alum, KA1(S0 4 ) 2 • 12H a O. 
Similar crystals of ammonium alum, NH 4 A1(S0 4 ) 2 * 12H 2 0, are formed 
with ammonium sulfate. The alums are also used as mordants in dyeing 
cloth, in water purification, and in weighting and sizing paper (by pre¬ 
cipitating aluminum hydroxide in the meshes of the cellulose fibers). 

Aluminum chloride, A1C1 3 or A1C1,-6H 2 0, is made by treating alu¬ 
minum or aluminum hydroxide with hydrochloric acid. The anhydrous 
salt is used in many chemical processes, including a cracking process for 
making gasoline. 

Scandium, Yttrium, and Lanthanum. Scandium, yttrium, and lan¬ 
thanum, the congeners of boron and aluminum, form colorless com¬ 
pounds similar to those of aluminum, their oxides having the formulas 
SC 2 O 3 , Y 2 0 3 , and La 2 0 3 . These elements and their compounds have not 
yet found any important use. 


6—5. Carbon 

Carbon occurs in nature in its elementary state in two allotropic forms: 
diamond, the hardest substance known, which often forms beautiful, 
transparent, highly refractive crystals, used as gems (Fig. 6-3; poorer 
stones are used as an industrial abrasive); and graphite, a soft, black, 
crystalline substance, used as a lubricant and in the “lead” of lead 
pencils. Charcoal, coke, and carbon black (lampblack) are microcrys¬ 
talline or “amorphous” (non-crystalline) forms of carbon. 

Hardness. The properly of hardness is not a simple one to define. It has probably 
evaded quantitative definition because the concept of hardness represents a composite 

• Adsorption is the adhesion of molecules of a gas. liquid, or dissolved substance or of parti- 
d,es to the surface of a solid substance. Absorption is the assimilation of molecules into a solid 
or liquid substance, with the formation of a solution or a compound. Sometimes the word 
sorption is used to include both of these phenomena. 
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FIG. 6-3 

A natural crystal of diamond , with octahedral 
faces and smaller faces rounding the edges , and 
a brilliant-cut diamond. 
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Carbon dioxide is a colorless, odorless gas with a weakly acid taste, 
due to the formation of carbonic acid when it is dissolved in water. It 
is about 50% heavier than air. It is easily soluble in water, one liter 
of water at 0° C dissolving 1,713 ml of the gas under 1 atm pressure. 
It has the very interesting property that its melting point (freezing point) 
is higher than the point of vaporization at 1 atm of the crystalline form. 
When solid, crystalline carbon dioxide is heated from a very low tem¬ 
perature, its vapor pressure reaches 1 atm at —79°, at which tempera¬ 
ture it vaporizes without melting. If the pressure is increased to 5.2 atm 
the crystalline substance melts to a liquid at -56.6°. Under ordinary 
pressure, then, the solid substance is changed directly to a gas. This 
property has made solid carbon dioxide (Dry Ice) popular as a refrig¬ 
erating agent. __ „ 

Carbon dioxide combines with water to form carbonic acid, H 2 LU,, 
a weak acid whose salts arc the carbonates. The carbonates, especially 
calcium carbonate , CaCO,, are important minerals. Carbon dioxide is used 
for the manufacture of sodium carbonate, NaiCOj* 10H a O, sodium hydrogen 
carbonate , NaHCOj, and carbonated water , for use as a beverage (soda 
water). Carbonated water is charged with carbon dioxide under a 
pressure of 3 or 4 atm. 

Carbon dioxide can be used to extinguish fires by smothering them. 
One form of portable fire extinguisher is a cylinder of liquid carbon 
dioxide—the gas can be liquefied at ordinary temperatures under pres¬ 
sures of about 70 atm. Some commercial carbon dioxide (mainly solid 
carbon dioxide) is made from the gas emitted in nearly pure state from 
gas wells in the western United States. Most of the carbon dioxide used 
commercially is a by-product of cement mills, lime-kilns, and iron blast 
furnaces. 


6-6. Nitrogen 

Nitrogen is the lightest element of the fifth group. The chemistry of 
nitrogen is very interesting and important. Nitrogen is an essential cle¬ 
ment in most of the substances which make up living matter, including 
the proteins. Its important compounds include explosives, fertilizers, and 
other industrial materials. 

Elementary nitrogen occurs in nature in the atmosphere, of which 
it constitutes 78% by volume. Compounds of nitrogen are made from 
free nitrogen by the action of lightning, which produces oxides of nitro¬ 
gen which arc carried into the soil by falling rain, and then become 
constituents of plants and animals. Nitrogen is also removed from the 
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atmosphere by nitrogen-fixing bacteria , which live in nodules on the roots 
of some plants, especially the legumes—beans, peas, alfalfa, clover. In 
recent decades man has developed methods for the fixation of atmos¬ 
pheric nitrogen. 

Nitrogen is a colorless, odorless, and tasteless gas. The elementary 
substance is composed of diatomic molecules, N 2 . At 0° C and 1 aim 
pressure a liter of nitrogen weighs 1.2506 g. The gas condenses to a col¬ 
orless liquid at -195.8° C, and to a white solid at -209.86° C. It is 
slightly soluble in water, 1 liter of which dissolves 23.5 ml of the gas at 
0° C and 1 atm. 

Nitrogen is chemically unreactivc; it does not burn, and at ordinary 
temperature does not react with other elements. At high temperatures 
it combines with lithium, magnesium, calcium, and lx>ron, to form 
nitrides , with the formulas Li a N, Mg>N«, Ca*N* and BN, respectively. 
In a mixture with oxygen through which electric sparks arc passed it 

reacts slowly to form nitric oxide , NO. ... 

Nitrogen is made commercially by the fractional distillation of liq- 
«id air. In the laboratory it is conveniently made, in slightly impure 
form, by removing oxygen from air. It may also be made by the oxida¬ 
tion of ammonia by hot copper oxide: 

2NH> + 3CuO —*■ 3H,0 + 3Cu + Nj f 


Compounds of Nitrogen. Ammonia. NH,. is an easily condensable 
gas (b.p. — 33.35° C; m.p. -77.7° C), readily soluble m water to pro¬ 
duce an alkaline solution. The gas is colorless and has a pungent odor, 
often detected around stables and manure piles, where ammonia is 
produced by decomposition of organic matter. The so u,ion of ammonia 
in water is called ammonium hydroxide solution (or sometimes «- 
mania water or aqtw an,man,a). Ammonium hydroxide has the formula 
NH.OH. It is a base, which forms salts with the common acids. 

Ammonium chloride, NH.OI, is a white sail, with a bitter salty 
taste. It is used in dry batteries (Chap. 13) and as a flux ,n soldering 
and welding (a flux is a material that forms a melt with metal oxides). 
Ammonium sulfate. (NHO-SO.. i' * important fertilizer, and am¬ 
monium nitrate, NH.NOj, mixed with other substances, ,s used as an 

explosive, and also is used as a fertilizer. 

Nitrogen forms six oxides: nitrous ox.de, N..O; nitric ox.de, NO, 
dinitrogen trioxide, N,O s ; nitrogen diox.de, NO,; d.n.trogen tetrox- 
ide, NjO«; and dinitrogen pentox.de, N.O,. D.n.trogen pcntox.de is 
the anhydride of nitric acid, HNO». This acid is a colorless liquid with 
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melting point —42° C, boiling point 86 ° C, and density 1.52 g/cm 3 . 
It is a strong and corrosive acid, which attacks the skin and gives it a 
yellow color. Its potassium salt, potassium nitrate, KNO s (. saltpeter ), 
is used in pickling meat (ham, corned beef), in medicine, and in the 
manufacture of gunpowder , which is an intimate mixture of potassium 
nitrate, charcoal, and sulfur, which explodes when ignited in a closed 
space. Sodium nitrate, NaNOa, is used as a fertilizer, and for conversion 
into nitric acid and other nitrates. It is found in large quantities in Chile, 
and has the common name Chile saltpeter. 

A more detailed discussion of the chemistry of nitrogen and of its 
congeners is given in Chapter 18. 


6-7. Fluorine 

Fluorine is the most reactive of all the elements, and it forms compounds 
with all the elements except the inert gases. Substances such as wood 
and rubber burst into flame when held in a stream of fluorine, and even 
asbestos (a silicate of magnesium and aluminum) reacts vigorously with 
it and becomes incandescent. 

Platinum is attacked only slowly by fluorine. Copper and steel can 
be used as containers for the gas; they arc attacked by it, but become 
coated with a thin layer of copper fluoride or iron fluoride which then 
protects them against further attack. Fluorine was first made in 1886 
by the French chemist Henri Moissan (1852-1907), by the electrolysis 
of a solution of potassium fluoride, KF, in liquid hydrogen fluoride, HF. 
In recent years methods for its commercial production and transport 
(in steel tanks) have been developed, and it is now used in chemical 
industry in moderate quantities. 

Fluorine is a pale-yellow gas, which condenses to a liquid at —187° C 
and freezes at —223° C. 

F'.iorine occurs in nature in minerals such as fluorite, CaF 3 ; fluor- 
apatite, Ca & (PO«) 3 F, which is a constituent of bones and teeth; and 
cryolite, Na 3 AlF e ; and in small quantities in sea water. Its name, from 
Latin Jluere, to flow,-refers to the use of fluorite as a flux. 

Hydrogen fluoride, HF, can be made by treating fluorite with sul¬ 
furic acid: 

H 2 S0 4 + CaF 2 —*- CaS0 4 + 2HF f 

This method is used industrially. The reaction is usually carried out 
in the laboratory in a lead dish, because hydrogen fluoride attacks 
glass, porcelain, and other silicates. 
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The solution of hydrogen fluoride in water is called hydrofluoric 
acid. This solution, and also hydrogen fluoride gas, may be used for 
etching glass. The glass is covered with a thin layer of paraffin, through 
which the design to be etched, such as the graduations on a buret, is 
scratched with a stylus. The object is then treated with the acid. The 
reactions that occur are similar to those for quartz, SiO.: 

SiO, + 4HF —*- SiF, + 2H,0 

The product, SiF„ silicon tetrafluoride, is a gas. 

Hydrofluoric acid must be handled with great care, because on con¬ 
tact with the skin it produces sores which heal very slowly. The acid is 

stored in wax bottles. 

The salts of hydrofluoric acid arc called fluorides. Sodium fluoride, 
NaF, is used as an insecticide. 

The congeners of fluorine-chlorine, bromine, and iodine are - 
ilar to fluorine in chemical properties but are less reaci.ve.Thcsee- 
ments are called halogens (from the Greek words meaning sat,-producers) 
because many of their compounds arc salts. 

&- 8 . Crystal Form, Polymorphism, and Isomorphism 

Polymorphism, in chemistry, is the assumption of two or more crystalline 
forms by the same substance. Calci.e and aragonite (F.g.6-1 and 6^-2) 
arc different from one another in properties thc> . 
form, different cleavage, different density (2.71 g /«"^ ^ 

respectively); if they were no. subjected to careful chemical analysis. 



m 
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an investigator would say that they are two different substances. An¬ 
alysis shows, however, that both calcite and aragonite consist of nearly 
pure calcium carbonate, CaCO*. They are polymorphous crystalline 
forms of this substance, calcium carbonate. 

The structures of the crystals of calcite and aragonite have been deter¬ 
mined. It has been found that each of them consists of calcium ions 
and carbonate ions, but that the calcium ions and carbonate ions are 
arranged in a different way in calcite from that in aragonite. 

Another phenomenon shown by crystals is isomorphism. Isomorphism 
is a strong resemblance in form of the crystals of two or more different 
substances. For example, the mineral rhodochrosite, which is manganous 
carbonate, MnCOj, forms crystals which very closely resemble those of 
calcite, CaCOj, except for difference in color (rhodochrosite is rose- 
pink in color, and calcite is colorless). The resemblance of the crystals 
is indicated in Figure 6-4. The rhombohcdral angle (the angle between 
two edges, at the bottom or top of one of the rhombic faces) is measured 
on the crystals as 102°50' for rhodochrosite and JOINS' for calcite. 




FIG. 6-5 

Isomutphous crystals of ammonium suljule awl potassium 
suljate (orthorhombic system). 
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Exercises 

Another example of isomorphism is provided by crystals of ammonium 
sulfate, (NHO2SO4, and potassium sulfate, K 2 SO«, shown in Figure 6-5. 

The phenomenon of isomorphism was discovered in 1819 by Eilhardt 
Mitscherlich, who noticed the close similarity between crystals of the 
substances Na,HPCV 12H z O and Na 2 HAsO<- 12H.O (disodium hydro¬ 
gen phosphate decahydrate, and the corresponding arsenate). Isomor¬ 
phism is due to close similarity in the way the crystals arc built of atoms, 
ions, or molecules. Isomorphous crystals usually have similar formulas, 
and corresponding atoms or ions usually arc nearly equal in size. 

Isomorphous substances usually crystallize together from a mixed 
solution in a solvent to form a solid solution (crystalline solution). In a 
solid solution the different atoms or ions are arranged at random in the 
positions occupied by one kind of ion alone in a pure subtt'ancc Foe 
example, solid solutions of chrome alum, KCr(SO,) : - 12H 2 0, and alum, 
KAl(SO«)j- 12HjO, may be prepared as single crystals varying in co or 
from deep violet to colorless, with decrease tn the fraction of chrome 

al> Thc > phenomenon of isomorphism was of value in the original deter¬ 
mination of the correct atomic weights of the elements (Chap. 14). 


Exercises 

6-!. Illustrate dependence of properties on atomic number bv discussing three prop- 
crtics of lithium, beryllium, boron, and carbon. 

A »«• 

theory? 

6-3. Discuss briefly the properties and uses of the alkali metals. 

6-4. Give the names and formulas of four compounds of sodium. 

6-5. Discuss the composition and action of baking 1 

6-6. Wha, are calcite. marble, limestone, aragonite, quicklime. slaked lime, mortar, 
gypsum, plaster of Pans? 

6-7. Write the er.ua,ion for the conversion of eolemanite. Ca ; B.O„ SHsO. into borax. 
Na.B.O, - 10H-O, by treatment with sodium carbonat 

. • a fr,.in borax by treatment with sulfuric acid. The 

6-8. Boric acid can lie ..blamed from J , hin . pearly-white plate, 

Wic acid is no, very soluble, an.l crystal., 
a, the solution is corded. Write the equation for tin, react.on. 

6-9. Lis, the principal use, of aluminum and Some of its compounds. 

6-10. Wha, are the principal di.ferences in properties of diamond and graph,,. 
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6-11. Write the equation for the reaction of neutralization of ammonium hydroxide 
and hydrochloric acid, HC1. 

6-12 Write the equations for the reactions of formation of hydrogen fluoride by 
treatment of fluorite with sulfuric acid, and the etching of glass by hydrofluoric 
acid. 



Chapter 7 


Weight Relations in 
Chemical Reactions 


In every branch of chemistry it is necessary to make calculations about 
the weights of substances involved in chemical reactions: these are 
called stoichiometric calculations (from the Greek sto,che,on, elementary 

“^S^rt^trfed ou, by considering the atoms 
that areTnvolvid in the chemical reaction, and using their atomic 

msSSSSS-SS 

done in Example 4 below. 

7 — 1 . The Quantitative Meaning of Chemical Symbols 
and Formulas 

A symbol such as Cu is used to ^To mcawVdSilc 

the elementary wtetance ■ <*P wcight (63>54) in any 

amount of copper-one atom , n ticular , it is often used 

weigh, units (such 63 . 54 ( is the amount of cop- 

to mean one gram-atom ot copper, b ofr rri _ 

per that contains Avogadro's number of copper atoms. 
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Similarly, a formula such as CuS0 4 -5H 2 0 represents the compound 
copper sulfate pentahydrate, which contains the four elements whose 
symbols are involved in the atomic ratios indicated by the formula. 
These ratios are lCu : IS : 90 : 10H. The formula means also one for¬ 
mula weight (in arbitrary weight units) of the substance.^ In particular, 
the formula is often used to mean one gram formula weight, 249.69 g, 
and hence to mean 1 gram-atom of copper, plus 1 gram-atom of sulfur, 
9 gram-atoms of oxygen, and 10 gram-atoms of hydrogen. 

The molecular weight of a substance is the average weight* in atomic- 
weight units of a molecule of the substance. If the molecular formula 
of the substance is known the molecular weight can be calculated by 
adding the atomic weights of the atoms given in the formula of the sub¬ 
stance. Inasmuch as the true molecular formula of a substance may not 
be known, it is often convenient to use the formula weight , the sum of 
the atomic weights of the atoms in an assumed formula for a substance, 
which need not be the correct molecular formula. A gram formula weight 
is then the amount of the substance with weight equal to the formula 
weight in grams, as indicated above for copper sulfate pentahydrate. 

A mole (or gram molecular weight) of any substance is the amount of 
the substance with weight equal to the molecular weight in gr^ms. 
When it is known that the formula written for a substance is its correct 
molecular formula the molecular weight and the formula weight are, 
of course, the same, and the mole equals the gram formula weight. 

Often the state of aggregation of a substance is represented by ap¬ 
pended letters; Cu(e) and Cu (s) refer to crystalline copper (s standing 
for solid), Cu(/) to liquid copper, and Cu(g) to gaseous copper. Some¬ 
times a substance is indicated as solid or crystalline by a line drawn 
under its formula (both AgCl and AgCl(c) mean crystalline silver chlo¬ 
ride). A substance in solution in water is sometimes represented by its 
formula followed by aq. 


7 - 2 . Examples of Stoichiometric Calculations 

There are no principles involved in stoichiometric calculations which 
should be new to the student of chemistry—the applications of arith¬ 
metic and alge bra c losely resemble those to the problems of physics or 
of everyday life. The only difficulty which he might have is that of get¬ 
ting accustomed to dealing with such small objects as atoms and molc- 


• The expression "average weight" is used here because of the presence of different iso¬ 
topes for most of the elements. 
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cules, and of recognizing the significance of a certain large numbei 
(Avogadro’s number) of these atoms and molecules. 

The sort of argument usually carried out in working stoichiometric 
problems is best indicated by the detailed solution of some examples. 

In general, chemical problems may be solved by using a slide rule 
for the numerical work. This gives about throe reliable figures in the 
answer, which is often all that is justified by the accuracy of the data. 
Sometimes the data arc more reliable, and logarilhms or longhand cal¬ 
culation must be used to obtain the answer with the accuracy called for. 

Example 1. How much copper is present in one pound of copper sul- 
fate pentahydrate? 

Solution. The formula of copper sulfate pentahydrate has been 
found by chemists of earlier generations to be CuSO, 5H,0. Of 
the 21 atoms in a “molecule” of this substance (or, better, in a 
formula of the substance), only one is a copper atom. The formula 
weight of the substance is the weight (in atomic-weight units) of 

all 21 atoms: 


1 

Cu 

63.54 

1 

S 

32.07 

4 

O 

64.00 

10 

H 

10.08 

5 

O 

80.00 


249.69 

Of this weight only 63.54 units is copper. Hence copper comprises 

the fraction - 63 5 4; of the substance, which is 0.254, or 25.4%. 

249.69 . 

One pound of copper sulfate pentahydrate hcncc contains 0.254 

lb. of copper. 

Example 2. How much iron can be obtained by the reduction of five 

tons of hematite, Fc a Oa? . f , 

Solution. We assume that all of the iron atoms in ferric ox.de 

(hematite) can be converted into elementary iron by reduction. 

We may write the corresponding equation: 

FcjOi + reducing agent — 2Fc + product 

The formula weight of Fc,0, is 1 59 . 70 . The weight °ftheproduct 
is twice the atomic weight of iron, 2 X 55.85 - 111.70. The ratio 
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of the weight of iron to the weight of hematite is accordingly 

11 *-7 0. The weight of iron, in tons^ that can be produced from 
159.70 

five tons of hematite is accordingly X 5 = 3.50 tons. 

Example 3. An oxide of europium contains 86.4% europium. What is 
its simplest formula? 

Solution. The relative amounts of europium and oxygen in the 
compound are 86.4 and 13.6. Dividing these by the respective 
atomic weights (Eu, 152.0; O, 16), we obtain 0.568 for Eu and 
0.850 for O as the relative numbers of atoms. Setting the ratio 

on the slide rule, we see that it is very close to 2/3, being 

0.850 

2/2.994. Hence the simplest formula is Eu 2 O s . 

We say that this is the simplest formula in order not to rule out 
the possibility that the substance contains more complex molecules, 
such as Eu 4 0«, in which case it would be proper to indicate in the 
formula the correct numbers of atoms per molecule, if they were 
known. 

Example 4. A substance, “mycomycin,” similar to penicillin and 
streptomycin, is produced by the bacterium Norcardia acidophilus. Crys¬ 
tals of the active substance were obtained from the broth in which the 
bacteria had been growing. The crystals were found to contain only 
carbon, hydrogen, and oxygen. In order to find out its chemical for¬ 
mula, a sample of the substance weighing 0.1141 g was heated in a 
stream of oxygen until it had been completely burned. The oxygen 
containing the products of combustion was then passed through a 
weighed tube containing calcium chloride, which absorbed the water 
vapor, but not the oxygen or carbon dioxide. It then went through 
another weighed tube containing a mixture of sodium hydroxide and 
calcium oxide, which absorbed the carbon dioxide. When the first 
tube was weighed, after the combustion had been completed, it was 
found to have increased in weight by 0.0519 g, this being accordingly 
the weight of water produced by the combustion of the sample. The 
second tube was found to have increased in weight by 0.3295 g. What 
is the simplest formula of the substance? 

Solution. It is convenient to solve this problem in steps. Let us 
first find out how many moles of water were produced. The number 
of moles of water produced is found by dividing 0.0519 by 18.02, 
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the molecular weight of water; it is 0.00288. Each mole of water 
vapor contains two gram-atoms of hydrogen; hence the number of 
gram-atoms of hydrogen in the original sample is twice this num- 

ber, or 0.00576. .... . 

Similarly, the number of moles of carbon dioxide in the products 
of combustion is obtained by dividing the weight of carbon diox.de, 

0.3295 g, by the molecular weight of the substance, 44.01. It ts 
0.00749, which is also the number of gram-atoms of carbon in the 
sample of substance, because each molecule of carbon dioxide con- 

tains one atom of carbon. . , , , 

The amount of oxygen in the original substance is found by su 

trading from the weight of the sample the weight of carbon plus 
the weight of hydrogen. The weight of carbon is the number of 
gram-atoms of carbon, 0.00749, multiplied by the atomic weight, 
12 01 • hence it is 0.0899 g. The weight of hydrogen is the number 
of gram-atoms of hydrogen, 0.00576, multiplied by the atomic 
weight 1.008; it is 0.0058 g. The weight of carbon plus the wc.ght 
of hydrogen is accordingly 0.0957 g. If we subtract this from the 
weight of the sample, 0.1141 g, we obtain 0.0184 g as the wc.ght 
of oxygen in the sample. The number of gram-atoms of oxygen is 
found by dividing this number by the atomic weight of oxygen, 16; 

K Thc^a'mple thus was found to contain 0.00749 gram-atom of 
carbon, 0.00576 gram-atom of hydrogen, and 0.00115 gram-atom of 
oxygen. If we divide all of the numbers by the smallest one, we 
obtain the ratios 6.51 : 5.01 : 1. It is evident that the simplest 
integral ratios are obtained by multiplying these numbers by 2, 
which gives 13 : 10 : 2. These arc the relative numbers of carbon 

atoms hydrogen atoms, and oxygen atoms in the compound. 

The analysis of the compound accordingly leads to the formula 

CU Ke' chemist investigating this antibiotic substance.is inter¬ 
est in attempting to synthesize it, he must next «nd the way m 
which the 13 carbon atoms, 10 hydrogen atoms, and 2 oxygen 
atoms are linked together in the molecule (that is, he must deter¬ 
mine the structural formula of the molecule). The ways of dete-r- 
mining the structural formulas of compounds containing carbon 
arc a par- of the branch of chemistry called organic chemistry. The 
chemist might then synthesize other substances related to the nat¬ 
ural substance in structure, and test their physiological properties. 
Many valuable drugs have been found ,n this way. 
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7-3. Historical Remarks: The Laws of Constant Proportions , Simple 
Multiple Proportions, and Combining Weights 

Three laws of stoichiometry may now be considered: the law of constant proportions, the 
law of simple multiple proportions, and the law of combining weights. These were ongina y 
empirical laws, based upon experiment. At the time when the laws were formulated it 
was seen that the atomic theory provides a simple explanation of them, and althoug 
the laws do not require that the atomic theory be true, most chemists accepted the 
theory as providing the simplest explanation of chemical weight relations. 

Now, when there is no question as to the reality of atoms, and when their mode ot 
combination in molecules and crystals is well understood, the three laws of stoichiometry 
arc seen to be simple consequences of the existence and properties of atoms. 

The Law of Constant Proportions. Different samples of a substance contain elements m 

the same proportions. 

The properties of atoms are such that they tend to combine to form molecules or 
crystals in which atoms of different kinds are present in numbers which arc m the 
ratios of small integers. With constant atomic weights, a substance consisting of such 
molccylcs or crystals would have constant composition. 

In practice, constancy of composition is used as an important test of punty of sub- 
stances. Other tests of purity often used are constancy of melting point, boiling point, 
density, and other physical properties on application of methods of purification such 
as fractional crystallization (the crystallization of a fraction of a substance, leaving the 
remaining fraction in solution) and fractional distillation. 

The discovery of isotopes has caused the ideas about constancy of composition to be 
revised in an obvious way; only if the distribution of isotopes were uniform would sub¬ 
stances show constant composition by weight. It has been found by experiment that for 
most elements the natural distribution of isotopes is uniform to within experimental 
error, which is often as small as one part in 100,000 in weight composition or one part 
in 1,000 in ratio of isotopes. An exception is lead; the amount of lead tr.purified lead 
compounds made from certain minerals varies over a range of about 1 %, because of 
the predominance of either a light isotope (Pb~) or a heavy isotope (Pb~). The nat¬ 
ural variations in the relative abundance of the isotope of sulfur, also, arc sufficiently 
large to correspond to a range in the atomic weight from 32.063 to 32.069. 

Daltonides and Berthollides. The law of constant proportions was enunciated by 
the French chemist Joseph Louis Proust (1754-1826) in 1799, and it was given strong 
support by John Dalton, because of its close relation to the atomic theory. The law was 
vigorously attacked by Claude Louis Bcrihollet (1748-1822), who contended that the 
composition of a compound depended on the way in which it was prepared. Proust 
defended the law by pointing out that some of the materials described by Berthollct as 
exceptions were mixture* (of different lead oxides, of mercurous salts and mercuric 
salts, etc.) or solutions. 

Recently it has become customary to accept as substances not only those materials 
that, when purified, show constant composition, but also those that may have a small 
range of variability in composition. The substances with constant composition are 
called daltonides. They include molecular substances in general, such as water (HtO), 
benzene (C*H*). organic compounds without exception. Salts in general arc daltonides; 
the compound of sodium and chlorine, with composition represented by the formula 
Na+Cl - , contains equal numbers of sodium ions and chloride ions. 
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On the other hand, many compounds of metal, with metals or of metals w.th metal¬ 
loids or with some non-metals show a range of composition-the compos,tton depends 
on the condition of preparation. Compounds of this sort are called IxTtholluU,. An ex¬ 
ample is the compound that is obtained by heating iron and sulfur together m approx¬ 
imately equi-atomic ratios. When a small excess of iron is present during he preparation 
the composition of the phase corresponds approximately to the formula FeS. When, 
however an excess of sulfur is present the composition of the FeS phase is approximately 
SK composition between these limits can be achieved by varying the conditions 

are berthoUides. An example is the phase y brass. 

which has the ideal composition Cu^Zn,. corresponding to 62 weight-percent *“*• 

. . n v . : n r act from 59 to 67 percent zinc. In the case of 7 brass and many 

one kind by atoms of the other kind in die crystal!att.ce, tha< is. die e •» similarity 

weight of 14.008 g of nitrogen to 8, 16, az, a. u o 
r Tj law of 3 ,impic multiple proportions 

the year 1803, largely on the basisi °’ molcculcJ containing small numbers of 

Dalton assumed that compoun rhc cx p cr i m cntal basis 

atoms. This led him logically to tj “'"'V j|cnl analyKS gave ratios differing from 

for it at that time w “ ' g , IclU ble to 1%, were obtained in the period 

integral ratios by 5 or 10%. Better analyses, 

1808-1812 by the Swedish chtmij. o/ , Wn „ (w ,,,^/r mMpi" »/ 

The Law of Oimbicng VTT 7,L ,Ln, a/.» rear, wi.H rncA 

*1"** rteTmenls, to which the law refers. are the atomic weights 

The combining weights of the clcmrn . ^ (hydrogcn , sodium, chlorine, etc.) the 

or integral fractions of ^ cqual lo lh e atomic weight, and for other 

combining weight is convent! n Y by # #|na „ inlrgcr . Equivalent we^htt of 

elements as cqual to the atomic * Jn lhis way . Thus the equivalent weights 

elements arc the combining weig ‘ ^ qq^q, 8. 22.997, and 35.457, respec- 

of hydrogen, oxygen, sodium, an 1 ' , jne f„ rin the binary compounds H O, 

-r.■. . -* - H:0: and 

Na^),. the elements have different «|.nv.ih•® f ' ( . jvl . ndishi who in 1760 showed 
The Inst work on «o...bim»g 1 _ -( , j(J wllich neutralise the same amount of 

that the amounts of nitric a* id a . . w j,|, ,|, c same amount of marble 

potash (potassium carbonate) also rear*. co ‘"^’ M . riinc|lU will, several acids and bases 
(calcium carbonate). Similar quant.^ ^ R Richlcr (1762-1807). and after 
were carried out in 1 91 by the »ei csS wjS ra| ,id i„ the determination of 

Dalton’s development of the atomic theory | 
equivalent weights. 
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Dalton had no way of determining the correct formulas of compounds, and he arbi¬ 
trarily chose formulas as simple as possible, writing HO for water and HN for ammoma. 
His atomic weights for oxygen and nitrogen were thus the equivalent weights of thoe 
elements. Berzelius, using arguments which we shall mention later (Chap. 14) select^ 
the correct multiples of the equivalent weights for nearly all the elements (his values 
for sodium, potassium, and silver were twice the modern va'ues); but not al chemuts 
accepted his assignments, and general agreement that water is H.O and not HO was 
not reached until 1858. Because of this uncertainty of atomic weights some early chem¬ 
ists, including Davy, preferred to use only equivalent weights. 

7-4. Explanation and Reality 

In a preceding section it has been stated that the atomic theory provides a simple ex- 
planation of the laws of stoichiometry, and that there is now no question as to die 
reality of atoms. The thoughtful student may ask what the meanings of the words 
“explanation” and “reality” are, in these statements. These questions are not easy to 
answer; the great philosophers and scientists of past ages and of today have been deeply 
interested in them. The following discussion is far from exhaustive. 

By the “explanation” of a phenomenon the scientist usually means the deduction 
of the phenomenon from general principles-that is, from laws or theories For exam- 
pie, we may take as a phenomenon one of the laws of stoichiometry, say the law of mul¬ 
tiple proportions, and as a general principle the atomic theory. From the discussion 
in the preceding sections we have seen that if we grant the atomic theory the law of 
multiple proportions follows necessarily, as a logical consequence. In short, we can 
deduce the law of multiple proportions from the atomic theory. And so we say t at e 
atomic theory explains the law of multiple proportions. Again, let us take as a phe¬ 
nomenon the formation by the metal radium of a chloride containing 76% radium 
and 24% chlorine, and as a general principle the periodic law. The periodic law implies 
that every element has an atomic number and a (very nearly constant) atomic weight, 
both determinable by experiment. Experiment shows the atomic number or radjum to 
be 88. This value places radium in group II of the periodic table. The peri ic aw 
then states that radium is almost certain to have a chloride with formula RaCl,. Experi¬ 
ment further shows the atomic weights of radium and chlorine to be 2 6 and 35.5, re¬ 
spectively. These values lead to the observed percentage composition. Thus we explain 
the occurrence of a chloride of radium with the composition in question in terms or the 

periodic law. , . , „ . ... 

A fascinating question which these examples may suggest is the following: Is it ever 
possible to explain the general principle used in a given explanation in terms of prin¬ 
ciples still more general? This is indeed frequently passible. An example is the explana¬ 
tion of the periodic law in terms of the electronic structure of the atoms, which was dis¬ 
covered about a quarter century ago, and of which we shall give an elementary account 
in Chapters 8, 9, and 10. Every discovery of this kind-cvcry explanation of an exp ana- 
lion- marks an important advance in knowledge. By the same token, scientific explana¬ 
tion is not complete; it would be so only if a single general principle were to be found 
which would explain all known phenomena. The attainment of this goal seems extremely 
improbable so long as new phenomena continue to be sought for and found by observa¬ 
tion and experiment, and we arc at any rate very far from it at present. 

What do wc mean by the statement that atoms arc real? Fortunately we can answer 
this without having to define reality in general—a question which is the subject matter 
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of the branch of philosophy called metaphysics and has no place in science. By our state¬ 
ment we mean simply that atoms are things which have many of the propert.es of ordi¬ 
nary, visible, material objects. Both things, the atom and the ordinary material object, 
have their properties as the result of certain operations that we can carry out. As an 
ordinary material object let us consider a brick. The brick has a mass which «n be 
found by the operation of weighing the brick. I. has a certain size and rfupc. by die 
operation of measurement we can find that the brick IS two inches thick, and that a row 
ofonc hundred similar bricks would be two hundred inches long. 1. has a «rucwre 
which can be determined by a multitude of operations such as looking at it cutting t 
into pieces, etc. In the same way, an atom has a mass, which can be found by suitab 
operation,; the fact that these operations are, to a large extent different from those 
u*d to determine the mass of the brick is beside the v di ff“ “ion 

powered micrcacope, But there are also ^ , 

from ordinary material objccis. Thu, a q ^ ^ , u , in a well-defined 

stream of atoms passing through a m P jd , inslc4 d produces a set 

beam, as would be expected of ordinary Mmi ^ ^ # ^.. im of ligh( . 

of diffraction rings, similar to those * w cx|>cr imenl show, that the atoms have 
The production of the diffraction rings ‘ movin - alo ms have ware ehaeaeler, 

another property, described by a wa‘ « motion for atomic particles 

as well as the character of ord,n ^P* ^ "’different from Newton’s laws of motion, 
(electrons, protons, neutrons) ar ' m ,ehan.ee. The difference between 

-*■ 

gible as the man of the particle formJ „ f matter have some properties 

The fact that atoms, electrons, • ^ wf opcrlics that we associate with 

that lead us to describe them “ P a ^ This wave-particle duality is 

waves is referred to » the *^“rld in which "we live. We shall 

hard to understand; but it is a fad a p 
discuss this question further in the following chapter. 


7 - 5 . The Determination of Atomic Weights 
by Chemical Methods 

The chemical method of -ura.ely dc^minmg amm.c^htsjn- 

vrolvcs the determination of . s, °‘ c ^ d , hc problems at the end 

illustrated by the examples given txlow 

of the chapter. cxtC nsive use is made of the method 

In addition to this method, exten. i 
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of gas densities and, in recent years, of the mass-spectrographic method. 
The gas-density method is discussed in Chapter 14, and the mass- 
spectrographic method in the section following this one. 

The modem values are due largely to Professor Theodore William 
Richards of Harvard University (1868-1928). 

It has been found that few oxides can be prepared in sufficient purity 
to permit their direct use. On beginning his work Richards determined 
the ratio Ag : AgNO, by converting pure silver into silver nitrate. 
This ratio, 1 : 1.57479, and the value 14.008 for N, which was given 
by the gas-density method, led to 107.880 for Ag. He accepted this as 
the reference point for his other determinations. It has since been 
verified. 

Let us carry out Richards* calculation: 

We let x = the atomic weight of silver. We then have 

x x + 62.008 
Ag : AgNO, 

1 1.57479 

Hence 

= x + 62.008 
* 1.57479 

or, solving for x, 


x 


= 107.880 

0.57479 


One method of checking the assumption of the value 14.008 for N 
is by determining the ratio Ag : NHa. This was done* by determining 
the weight of ammonia required to neutralize a solution of hydrochloric 
acid or hydrobromic acid. The weight of silver which, on conversion 
into silver nitrate, just sufficed to precipitate all the halogen ion in the 
solution was then determined. The equations for the chemical reactions 
involved show that the ratio of this weight to that of the ammonia is 
the desired ratio Ag : NH a ; for eight experiments the average found is 
6.33420. To use this ratio and that for Ag : AgNO, given above we 


proceed in the following way: 

Let x = atomic weight of Ag, y = atomic weight of N. 


x x + y + 48 
Ag : AgNO, 

1 1.57479 


• G. P. Baxter and C. H. Greene. J. Am. Chsm. Soe., 53, 604 (1931). 
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Hence 

a: + y + 48 
1.57479 
or 

0.57479 

We also have 

x y + 3 X 1.0080 
Ag : NH, 

6.33420 1 

Hence 


x 

6.33420 


= y + 3.0240 


or 

x = 6.33420y + 6.33420 X 3.0240. 
Eliminating x from 1 and 2, we obtain 

6.33420? + 6.33420 X 3.0240 - |~ 7479 


(7-1) 


(7-2) 


6.33420 X 0.57479? - y = 48 - 6.33420 X 3.0240 X 0.57479 
or 

y — 14.0070, the atomic we ight of nitrogen 
Hence 

x = 107.878, the atomic weight of silver 

These values are only slightly smaller than the accepted values. 

Values of the atomic weights of the halogens have been determined 
by the conversion of silver into silver halides. The hal.dcs have been 
found to be very useful in the determination of other atomic we.ghts. 

A survey of work done in this field is made annually by the Com¬ 
mittee on Atomic Weights of the Intcrnat.onal Union of Chemistry. 
Its report is published in the Journal of the American Chemical Society, 
as well as in foreign journals. 


7 - 6 . The Determination of Atomic Wrights by 
Use of the Mass Spectrograph 

In 1907 Sir j. j. Thomson developed a method* of determining the 
ratio of charge to mass of an ionized atom (or ionized gas molecule) by 
•J.J-Thonuon, ftut. Mag., .3. 56. (.907,; 30. 752 (.9.0,; 3.. 225 (.9,.,; 34. 209 (.9.2,. 
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measuring the deflection of a beam of the ionized atoms in electric and 
magnetic fields. The apparatus is called a mass spectrograph. This 
physical apparatus has become useful in several ways in attacking chem¬ 
ical problems. Its principal uses have been for the discovery of isotopes 
and the determination of atomic weights. The importance of these uses 
justifies a brief discussion of the apparatus and the way it works. 

Gaseous Ions. The operation of a mass spectrograph depends upon 
the existence of gaseous ions. 

Ions are atoms or molecules (complexes of atoms) which are not 
electrically neutral, but have a positive or negative electric charge. 
A positive charge occurs when the number of electrons present in the 
ion is less than the number required to neutralize the positive charge 
of the nucleus or nuclei—that is, is less than the atomic number of the 
atom, or the sum of the atomic numbers of the atoms in the molecule; 
and a negative charge occurs when the number of electrons is greater 
than the number required to neutralize the positive charge of the nucleus 
or nuclei. 

Positive ions arc called cations, and negative ions are called anions. 
These names arc based upon the names of electrodes: cations arc at¬ 
tracted toward the cathode, which is the negatively charged electrode; 
and anions are attracted toward the anode. 

Let us consider, as an example, the element iodine, which was used 
as an example also in Chapter 2. Iodine gas at ordinary temperatures 
consists of diatomic molecules, I 2 . As the temperature is raised some of 
these molecules respond to the greatly increased thermal agitation by 
being broken into separate atoms, I. This partial dissociation of the 
gas into atoms can also be achieved at room temperature by passing 
an electric discharge through the gas. A fast-moving electron (or ion) 
in the electric discharge may strike a molecule of iodine so vigorously 
as to cause it to split into atoms: 

I , —21 

In such a discharge ions of iodine also are formed. An iodine molecule 
may be stru< k su< h a blow as to cause the two nuclei to separate with 
unequal numbers ol electrons; that is, the molecule* is caused to dis¬ 
sociate into one anion, with an extra electron, and one cation, with an 
electron missing: 

I 2 —*- 1“ + I* 
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A cation I + might suffer another collision which would cause it to lose 
another electron, converting it into a doubly charged cation: 

1+ —I ++ + *- 

collision 

The symbol r is used for a free electron, and the obvious symbols 
f- I+ i-m- for ions, their electric charges being indurated by superscripts. 

All'atoms, even such stable atoms as those of the inert gases, can be 
made to form gaseous cations in an electric discharge through a gas 
S low pressure Some atoms also form stable, singly charged gaseous 
anions Eecules also form ions under these circumstances: an electric 
discharge through methane, CH«, produces gaseous molecular ions such 
as CH®, CHj + ® CHj + , and CH+ aswe.l, atomic ions such as H 

(H ++ , of course, does not exist), C + , C , C 

The Principle of the Mass Spectrograph. The principle of the mass 
spectrograph can be illustrated by the simple apparatus shown in F g- 

urc 7-1. 


Ion Velocity Electrostatic 

source, selector, deflecting plates 

-/•—fi-yfr. 


Photographic 
plate . 


v..X 




Details of vacuum chamber and 
velocity selector not shown 


» v / 

* t 


FIG. 7-1 Diagram o] a vmplr ma„ ,paragraph. 


scribe the construction of lhc y , 97 c / 192 6).l The ions pass- 

refer to W. R Smythe, pia.es, one whh a 

^cXl ^a^d the other with a negative charge; the ions 
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accordingly undergo an acceleration toward the negative plate, and are 
deflected from the straight-line path A that they would pursue if the 
plates were not charged. 

The electrostatic force acting on an ion between these plates is pro¬ 
portional to its charge (n being the number of missing electrons), 
and its inertia is proportional to its mass M. The amount of deflection 
is hence determined by nc/M , the ratio of the charge of the ion to its 
mass. 

Of two ions with the same charge, the lighter one will be deflected 
in this apparatus by the greater amount. The beam C might accord¬ 


'd!/ Ion source 



FIG. 7-2 A focusing mass spectrograph , using both electrostatic and mag¬ 
netic deflection of the beam oj ions. 

ingly represent the ion C*, with charge + e and mass 12 atomic-weight 
units, and the beam B the heavier ion 0 + , with the same charge and 
mass 16. 

Of two ions with the same mass, the one with the greater charge will 
be d- !'-cted by the greater amount. Beams B and C might represent 
O 4- * ad 0 +++ y respectively. 

By measuring the deflection of the beams (as by measuring their 
traces on a photographic film) relative values of ne/M for different ions 
can be determined. Since e is constant, relative values of ne/M for dif¬ 
ferent ions arc also inverse relative values of M/n ; therefore this method 
permits the direct experimental determination of the relative masses of 
atoms, and hence their atomic weights. By this method Thomson dis¬ 
covered the first non-radioactive isotopes, those of neon, in 1913. 
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The value of the integer n, the degree of ionization, can usually be 
fixed from knowledge of the substances present in the discharge tube; 
thus neon gives ions with M/n = 20 and 22 (n = 1), 10 and 11 (n = 2), 
etc. 

Instead of the mass spectrograph described above, others of different 
design, using both an electric field and a magnetic field, are usually 
used. These instruments are designed so that they focus the beam of 
ions with given value of M/n into a sharp line on the photographic 
plate. An instrument of this sort,* using both an electric field, with 
curved plates, and a magnetic field, is sketched in Figure 7-2. 

Thomson’s apparatus did not permit very accurate results to be ob¬ 
tained. The method was increased in accuracy by F. W. Aston, t also 
working in the Cavendish Laboratory, and later by A. J. Dempster § 
of the University of Chicago. Modern types of mass spectrographs 
(Fig. 7-2) have an accuracy of about one part in 100,000 and a resolving 
power of 10,000 or more (that is, they are able to separate ion beams 
with values of ne/M differing by only one pan in 10,000). 

The great accuracy of modern mass spectrographs makes the mass- 
spectrographic method of determining atomic weights about as useful 
and important at present as the chemical method. 

Mass-spectrographic comparisons with 0“ are made in the following 
way. An ion source which produces ions both of oxygen and of the ele¬ 
ment to be investigated is used; the lines of oxygen and of the other 
element, in such states of ionization that the.r ne/M values are nearly 
the same, are then obtained; thus for S”, S« and S" the doubly ionized 
lines would lie near the line for singly ionized oxygen. Accurate relative 
measurements of these lines can then be made. 

The Physicists’ Atomic Weight Scale. Atomic masses obtained with 
the mass spectrograph arc reported relative to O - 16 00000. These 
atomic masses are called the atomic we.ghts ^phyuasts scale S nee 
ordinary oxygen contains 0.2% O" and 0.04% O", these mass values 
must be corrected by division by a suitable d.v.sor to give vaJues on £e 
chemists’ atomic-weight scale, based on the average wc, e h ‘^ 2 ° 0000 f ° r 
ordinary oxygen; the value of this conversion divisor is 1.000272. 

The Determination of Atomic Weight, with the Spectrograph^ 

The value of the atomic mass for a simple element (with only one iso- 

• F. W. Aston, Nature, 137, 357, 613 (1936). . o ?4 
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Mass Number 


FIG. 7-3 

Mass spectrogram oj nickel , showing relative 
amounts oj five isotopes. 


tope) is its atomic weight. Thus fpr gold, consisting entirely of one iso¬ 
tope, Au 197 , the mass-spectrographic mass (relative to O 16 ) is reported 
to be 197.039. Division by 1.000272 changes this to 196.985. The present 
value for the atomic weight of gold is 197.2; it is not unlikely that this 
wiU soon be revised to the mass-spectrographic value by the Inter¬ 
national Committee. 

For an clement consisting of several isotopes the chemical atomic 
weight is found by determining the masses of the different isotopes 
and also their relative amounts. The way that this is done is indicated 
in Figure 7-3, which shows the results of measurements on nickel. The 
composition of this element is found in this way to be Ni M , 67.4%; 
Ni« 26.7%; Ni«, 1.2%; Ni M , 3.8%; and Ni M , 0.88%. From these 
values and the isotopic masses the atomic weight is calculated to be 
58.71 ± 0.02, in approximate agreement with the accepted value 58.69. 

7-7. The Determination of Atomic Weights by the X-Ray Method 

A new method of determining atomic weights, which may become of increased value 
in the future, is that of determining the molecular volume of a crystal by the evaluation 
of the dimensions of the unit parallelepiped by means of X-rays, and combining this 
with the density of the crystal to obtain a value of the molecular weight, from which 
the atomic weight of any element in the crystal can be found by use of known values 
for the other elements present. The use of this method for an elementary substance is 
illustrated in Exercise 7-24. 

The X-ray method has been used* for the determination of the molecular weight of 
lithium fluoride, from which, by subtracting the atomic weight of lithium, the value 

• C. A. Hutchinson and H. I.. Johnson. "The Atomic Weight of Fluorine Calculated 
Irotn Density and X-Ray Data,” J. Am. Chrm. Sot., 69, 1580 (1941). 
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18.9935 was obtained for the atomic weight of fluorine. This agrees very well with the 

accepted value 19.00. . , . . . . 

A related use of X-rays is for the decision between two alternatwe chemical formulas 
for a substance. For example, the chemical analysis of ordinary crystalline ammonium 
paramolybdate (“ammonium molybdate”) corresponds approximately to either of the 
formulas (NH.)sH : (MoO.). and <NH.).H.Mo:0„, with formula wc.gh« °57 and 
1,236, respectively. The volume of the unit cell is found by X-rays to be 2 865 X 1 
cm’ which gives, when multiplied by the measured density of the crystal, 2.871 g/cm , 
and’by Avogadro s number, 0.6024 X 10”, the value 4,959 for the mass of the atoms 
in a mole of unit cells. This must be a multiple of the formula weight, since eachunit 
cell contains an integral number of molecules. Of the two formula weighs giver. above 
die quotient of 4,959 by the first is 4.69, and that of 4,959 by the second 4.01 The 
first quotient is not an integer; that is. an integral number of "'1 a is ” 

formula could no, be present in die uni, cell of die crystal, and the firs. “ 4 

cordingly ruled out. On the other hand, the second quotient is equal to the integer 4, 
,o within experimental error; hence the second formula is the correct one. 


Exercises 

Note: Slide-rule accuracy is usually sufficient for chemical problems. This is no, so for 
atomic-weight problems which contain data given to five or six S'gntficam ° 

these problems five-place or sevcn-place logarithms or some equivalent method of ca - 
culation musi be used, and the atomic weights should be calculated to five or sign.fi- 
cant figures. 

7-1. What is the elementary composition of iron alum. KFe(SO«),- 12H,0; that is, 
what is the percentage of each element in it? 

7-2 Calculate the elementary composition of sue r. se. C„H«Ou. 

7-3. A known fluoride of silver contains 91.9% Ag. What is its simplest formula? 
(Answer: Ag 2 F.) 

7 _4 Two chloride, of a metal contain die metal to the extent of 50.91% andI 46^37% 
respectively. What are the possible value, of the atomic weigh, of the metal? 
What is the metal? (Refer to the atomic-weight table.) 

“ . 

be assigned to it? 

• L: nn n i ifrt i r was ienited, and the ash was dis- 
centage of sodium chloride in the cheese. 

„ „ ^ f „ KvHr.K .rlwn (a substance containing only hydrogen and 

? - 8 - ^bTnToS g ga-O 0,587 g of HrO and 0,0335 g of CO,. Wha, are pos- 
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7-9. A compound of silicon, oxygen, and bromine was found on analysis to contain 
10.20% Si and 86.85% Br. What is its simplest possible formula? 

7-10. How much stannic chloride, SnCl«, can be prepared from a ton of stannous 
fluoride, SnF*, by the following reaction with chlorine? 

2SnF* -f- 20* —SnCU + SnF* 

7-11. What is the percentage by weight of nitrogen in ammonium hcxanilraloccralc, 
(NH 4 )tCe(NO,),? 

7-12. Kernite, NaiB«0 : • 4H*0, can be shipped to its destination and there treated 
with water to form borax, Na*B«0 7 -10H*O. What saving in freight costs results 
from doing this, instead of converting it to borax before shipping? 

7-13. What is the percentage of oxygen in water, H*0? in heavy water, D*0 (deuterium 
oxide)? 

7-14. Potassium and cadmium form an intermetallic compound containing 2.61% 
potassium. What is its simplest formula? 

7-15. Evaluate the atomic weight of iodine to five figures from the experimental ratio 
Agl/AgCI ■■ 1.638062, assuming the accepted values for silver and chlorine. 

7-16. In one experiment 1.44966 g of holmium chloride, HoCl*, was precipitated with 
silver nitrate, forming 2.29770 g of silver chloride. Find the atomic weight of 
holmium. 

7-17. In one experiment 2.25215 g of POCU was dissolved in ammonium hydroxide 
solution and precipitated with silver nitrate, forming 6.31508 g of AgCl. Find 
the atomic weight of phosphorus. 

7-18. By dissolving aluminum in hydrochloric acid, precipitating Al(OH)i with base, 
and heating the collected precipitate to convert it to the oxide, the ratio of 
aluminum to oxygen in the oxide was found to be 1.124015. Find the atomic 
weight of aluminum. 

7-19. On complete combustion 6.06324 g of anthracene, Ci*Hi 0 , gave 20.96070 g of 
CO*. Find the atomic weight of carbon, using 1.0080 for H. 

7-20. RaBr* when heated in a stream of Cl* and HC1 forms RaCI*. From the ratio 
RaBr*/RaClj « 1.299423 find the atomic weight of radium. 

7-21. Calculate (to five places) the atomic weight of iron on the chemists’ scale from 
the following mass-spcctrographic data: 

Isotope Fe M Fc“ Fe B Fe“ 

Atomic abundance 6.04% 91.57% 2.11% 0.28% 

Mass (0“) , 53.962 55.961 56.960 57.959 

7-22. Calculate the atomic weight of titanium on the chemists’ scale from the following 
mass-spectrographic data: 

Isotope Ti 4 * Ti° Ti a Ti« Ti“ 

Atomic abundance 7.95% 7.75% 73.45% 5.51% 5.34% 

• Mass (O” - 16) 45.966 46.965 47.963 48.965 49.963 

7-23. The isotopic ratios of oxygen, as determined by the mam spectrograph, are 
O w /0" - 503 ± 10 and O'VO” - 4.9 ± 0.2. Assuming the masse, of the 
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three isotope, to be in the ratio, .6 : 17 : 18. calculate the conve^on divisor 
from the mass-spectrograph,c atomic-we.ght scale (O' - 16.00000) to the 
chemical atomic-weight scale (O = 16.00000). Note that this .v»r«n be 
obtained to six dccimaU with a slide-rule. by use of an approbate method. 

7-24 The edge of the unit cube of tungsten, containing two atoms, is found by X-rays 
to be 3 160 X 10-* cm. The experimentally determtned density .s 19.35 g/crn . 
Using 0.6024 X 10" for Avogadro's number, calculate from the data the atomic 
weight of tungsten. 

7 25 The amount 6.20 g of a compound containing only sulfur, hydrogen, and carbon 
7 ' 25 - TburnTin chlorine. The products are HC1, 21.9 g; CC1., 30.8 g; SCI, 10.3 g. 

What is the simplest formula of the substance? 

7-26. The isotopic composition of oxygen in the largos, plane,of Alpha Cen.aurMs 
0“ 80% O i; 20%, and that of calcium is Ca 50/ c . '-•a - /C» 

Calculate with slid -rule accuracy the chemical atomic weight of calcium on 
fhU planet lng the physical atomic weights as exactly equal to the mass 

numbers. # 

7 27 An oxvsulf.de of phosphorus is found by experiment to contain 39.2 /© phos- 
ohorus 40 4% oxygen and 20.3% sulfur. An X-ray investigation of the sub- 

by^experiment'to^ie 1.46 g/cm". What is the simples, formula of the substanee? 
What is its molecular formula? 

7 28 The quantity 1.000 g of an oxide of uranium is treated with fluorine, to produce 

oxygen and 1 254 g of uranium hexafluoride. UK* What.. —I** 

of the substance? 

7-29. The fermentation of sugar ... ethyl alcohol in .he iii.mufa. i.i.v of wine corre- 
sponds to the equation 

C*H uO* —►* 2CiH»OH + 2COj 

How much alcohol would be obtained by complete fermentation of 100 g of 
sugar? 

7-30. When the mineral sphalerite is heated in air it is converted .. ux.de by the 

reaction 

2ZnS + 30, —2ZnO + 2SO, 

How much zinc ox.de and how much sulfur dioxide would .«■ I-—"* 

100 kg of sphalerite? 


Chapter 8 


Quantum Theory and 
Molecular Structure 


In the discussion of valence and the chemical bond in the two following 
chapters it will be necessary to refer to the quantum numbers that 
describe the electrons in atoms and molecules. Our present knowledge 
of molecular structure and understanding of chemistry in terms of elec¬ 
trons and nuclei have developed largely together with the quantum 
theory. 

We shall now discuss some of the experiments upon which the quan¬ 
tum theory rests, and some of the arguments that were involved in its 
development. Knowledge of these aspects of physical science is essential 
to the proper appreciation of modern chemistry; and, moreover, the 
development of the quantum theory, aside from its significance to chem¬ 
istry, constitutes one of the most interesting chapters in the intellectual 
history of man. 


8 - 1 . The Birth of the Quantum Theory 

The quantum theory is a child of the twentieth century: it was an¬ 
nounced, in its primitive form, in 1900, by its discoverer, Max Planck 
(1858-1947), a professor in the University of Berlin. He was led to the 
theory by the consideration of the nature of the radiation given out by 
a hot solid body. 

In Chapter 3 we have discussed the wave properties of light. The 
wavelengths of light in the visible region, the infrared region, and the 
ultraviolet region have been determined by the use of a prism or a ruled 
grating, and the wavelengths of X-rays have been determined by dif- 
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fraction from a crystal grating (see Figs. 3-20 to 3-26). The whole spec¬ 
trum of light waves (electromagnetic waves) is shown m Figure 27-1 and 
the sequence of colors in the visible region is also shown, in the diagram 
next to the top one in this figure. 

The visible spectrum is only a small part of the complete spectrum 
of electromagnetic waves. Ordinary X-rays have wavelengths approx¬ 
imately 1 A. Even shorter wavelengths, 0.1, 0.01, 0.001 A are possessed 
by the gamma rays that are produced in radioactive decompositions 
and through the action of cosmic rays (Chap. 33). The ultraviolet 
region, not visible to the eye, consists of light somewhat short " ' 
wavelength than violet light, and the infrared consists of wavelengths 
somewhat longer than that of red light. Then there come the microwave 
regions, approximately 1 cm, and the longer rad.owaves. 


Prism 


Collimator, 
, Slit 

\ ’ii 



F1G. 8 -1 d simple spectroscope. The Isghtjrom the source is re],acted ,nto a 
spectrum by use o] a glass prssm; si could snstead be dsffr acted snto a spectrum 
by use oj a ruled grating , in place o] the prism. 

When Rases are heated or arc excited by the passage of an electric 
spa* tie atoms and molecules in the gases emit light of definite wave 

wmmsm 

in Figure 8-1. An instrument of this sor w* y rubk ] ium 

chemist had Tn invented by the physicist 

£!S££ ryelrllfore, and cesium was the firs, element to be 
discovered with its use. 
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It was found that the light that emerges through a hole from the 
hollow center of a hot body does not show characteristic emission lines, 
but has a smooth distribution of intensity with wavelength, character¬ 
istic of the temperature but independent of the nature of the hot body. 
This distribution is indicated, for three temperatures, in Figure 8-2. It is 
seen that at low temperatures, below 4,000° K, most of the energy is in 
the infrared region and only a small amount is in the visible region, 
between 4,000 A and 8,000 A. At 6,000° K the wavelength with the 
maximum amount of energy is about 5,000 A, and a large fraction of 
the emitted energy is in the visible region. This is the temperature of the 
surface of the sun. 



FIG. 8-2 Curies showing the distribution oj energy as a Junction oj wave¬ 
length in the light in equilibrium with a hot body, at three different temper¬ 
atures. Through the analysis of experimental curves of this sort Max Planck 
was led to the discovery of the quantum theory, in 1900. 


The theoretical physicists who were interested in the problem of the 
emission of light by hot bodies, during the years before 1900, found 
that they were unable to account for the curves shown in Figure 8-2 on 
the basis of the emission and absorption of light by vibrating molecules 
in the hot body, making use of the kinetic theory of molecular motion. 
Max Planck then discovered that a satisfactory theory could be formu¬ 
lated if the assumption were made that the hot body cannot emit or 
absorb light of a given wavelength in arbitrarily small amount, but must 
emit or absorb a certain quantum of energy of light of that wavelength. 
Although Planck’s theory did not require that the light itself be consid¬ 
ered as consisting of bundles of energy —light quanta or photons —it was 
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[§ 8-2] The Photoelectric Effect and the Light Quantum 
soon pointed out by Einstein (in 1905) that other evidence supports this 

“Theamount of light energy of wavelength X absorbed or emitted by 
a solid body in a single act was found by Planck to be proportional to 
the frequency v (equal to c/\): 

E-to (8 -° 

In this equation E is the amount of energy of light with frequency v 
emitted or absorbed in a single act, and h is the constant of proport.on- 
ality. This constant h is a very important constant; it is one of the funda¬ 
mental constants of nature, and the basis of the whole quantum theory. 
It is called Planck’s constant. Its value is 

h = 6.6252 X 10-" erg sec (8 ' 2) 

(The units of A, erg sec, have the dimensions of energy times time, as is 

required by Equation 8-1.) . , 

We sec that light of short wavelength consists of large bundles of en¬ 
ergy and light of long wavelength of small bundles of energy. Some of 
the experiments in which these bundles of energy express their magni¬ 
tudes will be discussed in the following section. 


8 - 2 . The Photoelectric Effect and the Light Quantum 

In 1887 the German physicist Heinrich Hertz (1857-1894), who dis¬ 
covered radiowaves, observed that a spark passes between two metal 
electrodes at a lower voltage when ultraviolet light is shining on the 
electrodes than when they are not illuminated. It was then discov.nd 
by I I Thomson in 1898 that negative electric charges are emitted by 
a metal surface on which ultraviolet light impinges. A simple experi¬ 
ment to show this effect is represented in Figure 8-3. An electroscope is 


FIG. 8-3 

A simple experiment showing the photoelnlru 
effect. A negative charge is emitted by a gun 
plate upon which ultraviolet light impinges. 
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negatively charged, and ultraviolet light is allowed to fall on the zinc 
plate in contact with it. The leaves of the electroscope fall, showing 
that the negative electric charge is being removed under the action 
of the ultraviolet light. If the electroscope has a large positive charge 
the leaves do not fall, showing that positive charges are not emitted 
under similar conditions. An uncharged electroscope becomes charged 
when the metal plate is illuminated with ultraviolet light, and the 
charge that remains on the leaves of the electroscope is a positive 
charge, showing that negative charges have left the metal. 

J. J. Thomson was able to show that the negative electric charge 
that leaves the zinc plate under the influence of ultraviolet light consists 
of electrons. The emission of electrons by action of ultraviolet light or 
X-rays is called the photoelectric effect. The electrons that are given off 
by the metal plate are called photoelectrons; they are not different in 
character from other electrons. 

A great deal was learned by the study of the photoelectric effect. It 
was soon found that visible light falling on a zinc plate does not cause 
the emission of photoclcctrons, whereas ultraviolet light with a wave¬ 
length shorter than about 3,500 A docs cause their emission. The maxi¬ 
mum wavelength that is effective is called the photoelectric threshold. 

Substances differ in their photoelectric thresholds: the alkali metals 
are especially good photoelectric emitters, and their thresholds lie in 
the visible region; that for sodium is about 6,500 A, so that visible 
light is effective with this metal except at the red end of the spectrum. 

It was discovered that the photoelectrons are emitted with extra 
kinetic energy, depending upon the wavelength of the light. An appa¬ 
ratus somewhat like the photoelectric cell shown in Figure 8-4 can be 
used for this purpose. In this apparatus the photoelectrons that are 
emitted when the metal is illuminated are collected by a collecting 
electrode, and the number of them that strike the electrode can be found 
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by measuring the current that flows along the wire to the electrode. A 
potential difference can be applied between the electrode and the emit¬ 
ting metal. If the collecting electrode is given a slight negative potential, 
which requires work to be done on the electrons to transfer them from 
the emitting metal to the collecting electrode, the flow of photoelectrons 
to the collecting electrode is stopped if the incident light has a wave¬ 
length close to the threshold, but it continues if the incident light has a 
wavelength much shorter than the threshold wavelength. By increasing 
the negative charge on the collecting electrode the potential difference 
can be made great enough to stop the flow of photoelectrons to the 

These observations were explained by Einstein in 1905, by means of 
his theory of the photoelectric effect. He assumed that the light that 
impinges on the metal plate consists of light quanta, or photons, with 
energy hv, and that when the light is absorbed by the metal all of the 
energy of one photon is converted into energy of a photoelcctron. How¬ 
ever, the electron must use a certain amount of energy to escape from 
the metal. This may be represented by the symbol E, (the energy ol 
ionizing the metal). The remaining energy is kinetic energy of the 
photoelcctron. The Einstein photoelectric equation is 


hv = Ei + Imo* 


(8-3) 


This famous equation states that the energy of the light quantum, hv, 
is equal to the energy required to remove the electron from ihe metal, 
E„ plus the kinetic energy imparted to the electron, ,,ntr. The success 
of this equation in explaining the observations of the photoelectric effect 
was largely responsible for the acceptance of the idea of light quanta. 

It is difficult to measure the velocity of the electrons directly. Instead, 
the energy quantity \rniP is measured by measuring the potent,al differ¬ 
ence, V, which is necessary to keep the pho.oelec.rons from striking he 
collecting electrode; the product of the potential difference V and tlw 
charge of the electron, e, is the amount of work done against the ■Ote ro- 
static field, and when V has just the value required to prevent the elec¬ 
trons from reaching the collecting plate there holds the relation 

eV = \rnv 7 

Introducing this in the preceding equation, we obtain 
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FIG. 8-5 

Curve representing the result of experiments 
on the retarding voltage necessary to prevent 
the flow of photoelectrons to the anode , as a 
Junction o] the frequency of light producing 
the photoelectrons. The threshold frequency 
is the frequency of light such that one quan¬ 
tum has just enough energy to remove an 
electron from the metal; a quantum of light 
with larger frequency is able to remove the 
electron from the metal and to give it some 
kinetic energy. 

In Figure 8-5 this equation is plotted. The equation expresses a linear 
relation between the retarding voltage and the frequency of the light. 
The experimental observations lie on a line of just this sort. The inter¬ 
cept on the frequency axis, v 0 , corresponds to the photoelectric threshold 
for the metal. The slope of the curve is seen from Equation 8-4 to be 
equal to /r/r—that is, to the ratio of Planck's constant, h t to the charge 
of the electron, e. R. A. Millikan in 1912 carried out careful measure¬ 
ments of the retarding voltage, in order to verify the Einstein equation. 
He used an apparatus similar to that shown in Figure 8-4, and his 
measurements led to a value of life which he could combine with his 
value of c to obtain a value for Planck’s constant; this value for many 
years was the most accurate known. 

The Photoelectric Cell. The photoelectric cell is used in talking motion pictures, 
television, automatic door-openers, and many other practical applications. The cell 
may be made by depositing a thin layer of an alkali metal on the inner surface of a small 
vacuum tube, as shown in f igure 8-4. The collecting electrode is positively charged, so 
that the pholc < let irons air attracted to it. Illumination of the metal surface by any 
radiation with wavelength shorter than the photoelectric threshold causes the emission 
of photocleeirons, and a consequent flow of electric current through the circuit. The 
current may Ik- registered on an ammeter. It is found that the magnitude of the current 
is proportional to the intensity of the light. 

Example 1. I low much energy is there in one quantum of light with 
wavelength b.Sno A.* 

Solution. I lii- amount of energy in a light quantum is hv s where 
h is Planck’s constant and r is the; frequency of the light. The fre¬ 
quency of light of wavelength X is c, X; hence 

- M2 X HI- 



V = 
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Thus wc obtain 

energy of light quantum = hv = 6.624 X 10"* X 4.62 X 10» = 
3.06 X 10"* erg 

Example 2. What retarding voltage would Ik "V ”™*' lo *“P lhc 
flow of photoelectrons produced by light of wavelength 6,500 A front a 

sodium metal surface? , • , a 

Solution. The photoelectric threshold of sodium metal 6,500 A. 

Accordingly, the photoelectrons that are produced have no kinetic 

energy: the amount of energy in the light quantum is just enough 

to remove the electron from the metal. Hence an extremely small 

retarding potential would stop the flow of photoelcctrons under 

these conditions. 

Example 3. What retarding potential would be required to stop the 
flow of photoelcctrons in a photoelectric cell with sodium metal ilium.- 
na , 0 (\ with liffht of wavelength 3,250 A? 

Solution. If, using the method of the solution of E *“™ P } C ,50 X 
calculate the energy of a light quantum with wavelength 3,-50 A, 
we obtain the value 6.12 X 10"* erg. This result can be ob'amed 
in fact, with little calculation by noting 'hat this wavelength ju. 
half that of the photoelectric threshold, 6,500 A; hence the fre¬ 
quency^ is twice as great, and the energy k, is also twice as great 

lE S,7L C h — of energy in .ho Ugh. q»~. 

3 06 X 10"* erg is used to remove the electron from the metal. 
t. ■ ■ omnnni 3 06 X 10-'* erg, is kinetic energy of the 

The .emammg ; . 1>olcn tial that would slow the electron 

Ctr JSt .» P-hoc. With the <h„go Of .he 

electron is equal .0 this amount of energy: 

tV = 3.06 X 10"* erg 

3.06 X 10-; = o.38 X 10 1 statvolt 
V 4.80 X 10"° 

flow of photoelcctrons m .the ,^P 1 ' 0 ™ £ 

with wavelength 3,250 A is 300 X 6.38 X 10 

. - r v The X-ray tube has been described in 

S: p ^tatd°" InSbe there occurs the inverse photoiUdric 
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the production of a light quantum by slowing down a fast-moving 
electron. 

In the X-ray tube electrons from the cathode are speeded up to 
high velocity by a potential difference V. Their kinetic energy then 
becomes equal to the energy quantity eV. When such a fast-moving elec¬ 
tron strikes the anode it is quickly brought down to low velocity, per¬ 
haps to velocity zero. If it is brought to velocity zero the whole of its 
energy eV is converted into X-radiation (light), with energy hv and 
corresponding frequency v. The frequency of this radiation can hence 
be calculated from the photoelectric equation, eV = hv (the ionization 
energy of the metal, £,, can be neglected in this case, because it is a 
small energy quantity in comparison with the others). If the electron 
is not slowed down completely the frequency of the X-ray quantum 
that is emitted will be somewhat smaller than the limiting value. 

Example 4. An X-ray tube is operated at 50,000 volts. What is the 
short-wavelength limit of the X-rays that arc produced? 

Solution. The energy of an electron that strikes the anode in 
the X-ray tube is eV. The value of V , in electrostatic units, is 
50,000/300 = 166.7 statvolts. The value of eV is accordingly 
4.80 X 10->° X 166.7 = 8.01 X 10 -8 erg. This is equal to Ay; hence 
for v wc have 

** m 6^624 X 10~** = 1-208 * 10'° cyclcs/sec 

The wavelength A is obtained by dividing the velocity of light by 
this quantity: 

* c 3 X 10 10 

x “; “ u sW = 248 x ,0 - Ocm = 0248 A 

Hence the short-wavelength limit of an X-ray tube operated at 
50,000 volts is calculated to be 0.248 A. 

It is interesting to note that the preceding calculation can be 
simplified by combining all the steps into a single equation: 

short-wavelength limit (in A) = -:-:- — — -— 

accelerating potenual (in volts) 

(8-5) 

This equation states that a quantum of light in the near infrared, 
with wavelength 12,372 A, has the same energy as an electron 
that has been accelerated by a potential difference of 1 volt. This 
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energy quantity is sometimes called 1 electron volt, with abbreviation 

1 ev. . r 

The relations among the commonly used units of energy are 

summarized in Appendix I of this book. 


Example 5. A beam of light with wavelength 6,500 A and carrying 
the energy 1 X 10* ergs per second falls on a photoelectric cell, and is 
completely used in Jproduction of photoelectrons (This is about the 
energy of the light from the sun and sky on a bright day that strikesan 
area of 1 cm*.) What is the magnitude of the photoelectric current that 
then flows in the circuit of which the photoelectric cell is a part. 

Solution. The energy of one quantum of light with wavck g 
6,500 A is 3.06 X 10-” erg. Hence there are 1 X 10/3.06 X 
jQ-u _ 0.327 X 10 17 photons in the amount of light carrying 
1 X 10* ergs of radiant energy, and this number of photons im¬ 
pinges on the metal of the photoelectric cell every second. The 
same number of photoelectrons would be produced. Multiplying 
by the charge of the electron, 4.80 X 10-“ statcoulomb, we obtain 
1 57 X 10 7 statcoulombs as the amount of electric charge trans¬ 
ferred from the sodium metal surface in the photodeeme cefl to 
the collecting electrode each second. 1 Dividing by X■ 10 , t 

number of statcoulombs in one coulomb, we obtain 5.22 X 1 
the number of coulombs transferred per second. ° nc amperCiU * 
flow of electricity at the rate of 1 coulomb per^°" d - ^ 
current that is produced by the beam of light is 5.22 X 10 amp 
that is, 5.22 milliamperes. 


8-3. The Quantum Theory of Atomic Structure 

Most of our knowledge of the electronic structure of atoms has been 
obtained by the study of the light given out hy atoms 1 'Y 
excited by high temperature or by efcctnc^ arc or spark- The hg 

that is emitted by atoms consists of lines ol certain q 

r Early invc t 

gators made some progress in the £ ££££*,£ 

nizing regularities in the frequencies of-he hn«^ ^ J ^ 

ES 1 JSlf wi^ranothe, which wifl 
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interpretation of the spectrum of hydrogen in terms of the electronic 
structure of the hydrogen atom was achieved. In this year Niels Bohr 
successfully applied the quantum theory to this problem, and laid the 
basis for the extraordinary advance in our understanding of the nature 
of matter that has been made during the past forty years. 

The Quantum Theory of the Hydrogen Atom. The hydrogen atom 
consists of an electron and a proton. The interaction of their electric 
charges, —e and + r, respectively, corresponds to inverse-square attrac¬ 
tion, in the same way that the gravitational interaction of the earth 
and the sun corresponds to inverse-square attraction. If Newton’s laws 
of motion were applicable to the hydrogen atom we should accordingly 
expect that the electron, which is light compared with the nucleus, 



FIG. 8-6 Thf liaimer series oj spectral lines oj atomic hydrogen. The line 
at the right, with the longest wavelength, is Ha. It corresponds to the transi¬ 
tion from the state with n - 3 to the state with n = 2. 


would revolve about the nucleus in an elliptical orbit, in the same way 
that the earth revolves about the sun. The simplest orbit for the elec¬ 
tron about the nucleus would be a circle, and Newton’s laws of motion 
would permit the circle to be of any size, as determined by the energy 
of the system. 

After the discovery of the electron and the proton this model was 
considered by physicists interested in atomic structure, and it became 
evident that the older theories of the motion of particles (Newton’s 
laws of motion) and of electricity and magnetism could not apply to the 
atom. If the electron were revolving around the nucleus it should, 
according to electromagnetic theory, produce light, with the frequency 
of the light equal to the frequency of revolution of the electron in the 
atom. This emission of light by the moving electron is similar to the emis¬ 
sion of radiowaves by the electrons that move back and forth in the 
antennae of a radio station. However, with the continued emission of 
energy, in the form of light, by the atom, the electron would move in a 
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circle approaching more and more closely to .he nucleus, and the fre¬ 
quency of its motion about the nucleus would become greater and 
greater. Accordingly, the older (classical) lheor.es of motion and of elec¬ 
tromagnetism would require that hydrogen atoms produce a spectrum 
of light of all wavelengths (a continuous spectrum). Th.s .s contrary to ob 
servation: the spectrum of hydrogen, produced in a d.scharge tube con¬ 
taining hydrogen atoms (formed by dissociation of hydrogen mole, tiles) 
consisfs of lines, as shown in Figure 8-6. Moreover, it .s known that 
the volume occupied by a hydrogen atom, in a sohd or '■q^^ubstance 
corresponds to a diameter of about 1 A, whereas the older theory of 
the hydrogen atom contained no mechanism for preventing the electron 
from approaching more and more closely to the nucleus, and the atom 
from becoming far smaller than 1 A in diameter. 

f A hint as to the way to solve this difficulty had been given to Bohr 
by Planck’s quantum theory of emission of light by a hot body, an 
bv Einstein’s theory of the photoelectric effect and the light quantum. 
Both Planck and Extern had assumed that light of frequency , is no, 
emitted or absorbed by matter in arbitrarily small amounts but only 
in quanta of energy ho. If a hydrogen atom in which the electron is re¬ 
volving about the nucleus in a large circular orb., emits a c l ua " ,um ° f 
energy /n-, the electron must then be in a much different < s ™ allcr) *' r ‘ 
culaTorb , corresponding to an energy value of the atom ho less than 
its initial energy. Bohr accordingly assumed .ha, the hydrogen atom can 
exist only in cerium stales, which are called the stationary stales of the atom. 
He assumed tha, one of these states, the ground state or normal Mt, rep- 

state with energy E the difference ,n -rgy/ Eve* 
energy of the light quantum that is emitted. This equation, 

I' ( 8 ' 6 ) 

b * <z ” h :;™ S 

is tha. is emitted when an atom changes Irom 

energy £" to a lower state ^^toThc Option of light by atoms. 

The same equation also ap| msilion from a lower state 

The frequency of *hc hgh* abs or!. ’ cnwgy of lhc upper state 

L^rlteXded by Planck’s constant. The equation also 
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applies to the emission and absorption of light by molecules and more 
complex systems. 


Example 6 . It is found that a tube containing hydrogen atoms in their 
normal state does not absorb any light in the visible region, but only 
in the far ultraviolet. The absorption line of longest wavelength has 
X = 1,216 A. What is the energy of the excited state of the hydrogen 
atom that is produced from the normal state by the absorption of a 
quantum of this light? 

Solution. The frequency of the absorbed light is v = c/\ = 
(2.998 X 10 10 cm/scc)/(1.216 X 10~ 5 cm) = 2.467 X 10“ sec” 1 . 
The energy of a light quantum is hv. This is just the energy of the 
excited state relative to the normal state of the hydrogen atom. 
Accordingly, the answer to our problem is 


energy of excited state relative to normal state = hv = 6.624 X 
10- 27 erg sec X 2.467 X 10“ sec” 1 = 1.634 X 10' 11 erg 


This can be converted into electron volts in the usual way (Exam¬ 
ple 4); the answer is 10.20 ev. This result could be obtained simply 
by applying Equation 8-5; 12,372/1,216 A = 10.20 ev. 

Bohr also discovered a method of calculating the energy of the sta¬ 
tionary states of the hydrogen atom, with use of Planck’s constant. He 
found that the correct values of the energies of the stationary states were 
obtained if he assumed that the orbits of the electrons arc circular, and 
that the angular momentum of the electron has for the normal state 
the value h/2ir, for the first excited state the value 2h/2ir, for the next 
excited state the value 3h/2ic, and so on. 

In general, the angular momentum of the electron in the circular 
orbit about the nucleus (the Bohr orbit) was represented by Bohr as 
having the value 


angular momentum 


nh . . 
—, with n 


1 , 2,.3 ... 


(8-7) 


The number n introduced in this way in the Bohr theory is called the 

principal quantum number of the Bohr orbit. 

The radius of the Bohr orbit is found to be equal to ira 0t in which 
*0 = R-/Air'-mr = 0.530 A 

In this equation m is the mass of the electron and e is the electronic 
charge. Thus the radius of the Bohr orbit for the normal state of the 
hydrogen atom is 0.530 A, that for the first excited state is four times 



177 


[§ 8-3 ] The Quantum Theory oj Atomic Structure 
as great, that for the next excited state nine times as great, and so on, 
as illustrated in Figure 8-7. 

The energy of the atom in the nth stationary state is given by the 
Bohr theory (as described in the following section) by the equation 


2Tr-me l 

n 2 h- 


(8-8) 


Making use of the Bohr frequency rule, we obtain from this expression 
the following equation for the wavelength of the light emiticd or ab- 



F IG 8-7 Dob orbiti Jo, on ,Ini,on in ih, hyd.ogen bum. I hese cinula, and 
elliptical o,b„s were inooloed in the Dob theoey. They do no, p.avtde a conn 
description oj th, mot.on of the election ,n the hyd.ogcn atom. According b the 
theonoj quantum mechanic, which mm, to he essentially correct, th, dec,,on 
mooes about the nucleus in the hydrogen atom ,n .onghly the way 
Hob, but the motion in the normal stale (n = D '• , 

(,n and out, towa.d the nudeus and away J,om the nude,,,) The one,age d 
tance oj the de.tson J,„m the nucleus, according to quantum mechanic, 
same as the ,ad,u, oj the Dob orhit. 

■ • i ciatinnarv state and the w stationary 

sorbed on transition betwe en the * stationary 

state: 

i 2iv r v _ -LI (8 ' ,,) 

X _ c/i* L"'* 

obtain 
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2 - 109,678 [£-£] < 8 - 10 > 

This equation, with n" and n' given various integral values, accounts 
for the line spectrum of hydrogen. There was great excitement in 1913 
when Bohr developed this theory, because the theory permitted him to 
calculate the spectral lines of hydrogen completely from physical quan¬ 
tities that had been determined by the use of other experiments. The 
charge of the electron had been determined by Millikan’s oil-drop 
method; the mass of the electron had been determined by experiments 
such as that of J. J. Thomson, described in Chapter 3; Planck’s constant 
had been determined by Planck from the experimental measurements of 
the distribution of intensity with wavelengths in the light given out by 
a hot body, and more accurately by Millikan through his experiments 
on the photoelectric effect; and the velocity of light had been deter¬ 
mined by Albert A. Michelson. Many investigators immediately began 
to extend the theory and to check it by further experiment. 

The spectrum shown in Figure 8-6 docs not contain the lines repre¬ 
senting transitions to the normal state of hydrogen (n' = 1), but rather 
the lines representing transitions from the higher excited states to the 
first excited state (/= 2) (Fig. 8-8). The equation for these lines is 
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That is, the value of *' has been placed equal to 2, corresponding to the 
first excited state. This series of lines is called the Ralmer senes of spectral 
lines of hydrogen. The scries involving as its lower state the state with 
n = 3, and that involving the state with n = 4, were also known at 
the time that Bohr carried out his work. The series with the ground 
state n = 1 , as the lower state for the transition had not, however, 
been’ recognized. Bohr predicted that this series would exist, and he 
calculated^ wavelengths of the lines (X = 1.216 A,etc. . Expenmen a 
physicists immediately began the search for these lines lying m the far 
ultraviolet region, which involved difficult experimental technique, and 
£1915 Professor Theodore Lyman of Harvard University discovered 
the lines, which arc called the Lyman senes. 

the velocity of the electron, wine y This rcqu i r es that the elec- 

orbit, changes a, the electron proceeds ^ ()f , hc acc 2auon is calculated 

tron be ™be e’/r. and hence the force required to produce it 

L r 7cVr C Thi. for7e 1 the coulomb force of at.rac.ion, A/A. We thus have the equation 

-I 


mv 1 


or, multiplying by 


mv 


i = - 


( 8 - 11 ) 


Note that this equation give, a relation between the kinetic energy, which i, l«.\ and 
the potential energy, which U =?; namely, the kinetic energy b equal to K the po.enua, 

energy, with the sign tircu lar orbit is the linear momentum 

—-—•- ,he a - ,ar 

momentum must be equal to nh/2*. 


FIG. 8-9 

Diagram illustrating the* calculation of centrif¬ 
ugal force to balance the centripetal force of 
electrostatic attraction, in the Bohr theory of the 
hydrogen atom. 
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( 8 - 12 ) 


Multiplying Equation 8-11 by mr*, wc obtain 
m 7 v 7 r 7 = e 7 rrr 

The left side of this equation is just the square of the quantity on the left side of Equa¬ 
tion 8-12; accordingly, it is equal to the square of the right side of this equation, which is 

2^- Thus we obtain the equation 

4t* 


nW 

4t s 


ehnr 


The equation for the radius of the orbit is given by solving this for r: 
r = = n* X 0.530 A 


(8-13) 


Arrhne* 

With use of Equation 8-12, we can solve for the velocity, obtaining 

E - — - 218 X lg cro /K e (8-14) 

nh n 

The total energy, which is the sum of the kinetic energy and the potential energy, 
is seen to be given by the expression quoted above (Equation 8-8). 


8-4. Excitation and Ionization Energies 

Interesting verification of Bohr's idea about stationary states of atoms 
and molecules was provided by some electron-impact experiments car¬ 
ried out by James Franck (born 1882) and Gustav Hertz (born 1887) 
during the years 1914 to 1920. They were able to show that when a 
fast-moving electron collides with an atom or molecule it bounces off 
with only small loss of kinetic energy, unless it has a high enough speed 
to be able to raise the atom or molecule from its normal electronic state 
to an excited electronic state, or even to ionize the atom or molecule, 
by knocking an electron out of it. 

The apparatus that they used is indicated diagrammatically in Fig¬ 
ure 8-10. Electrons arc boiled out of the hot filament, and arc accelerated 
toward the grid by the accelerating potential difference V x . Many of 
these electrons pass through the perforations in the grid, and strike the 
collecting plate, which is held at a negative voltage relative to the grid. 
The electrons arc able to move against the electrostatic field between 
the grid and the collecting plate because of the kinetic energy that they 
have gained while being accelerated from the filament to the grid. 
Even if there are some atoms or gas molecules in the space between the 
filament and the grid, the electrons may bounce off from them without 
much loss in energy. 
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If, however, the accelerating voltage F, is great enough so that the 
kinetic energy picked up by the electron exceeds the excitation energy 
of the atom or molecule with which the electron may collide, then the 
electron on impact with the atom or molecule may raise it from the 
normal state to the first excited state. The colliding electron will retam 
only the kinetic energy equal to its original kinetic energy minus the 
excitation energy of the atom or molecule with which it 
It may then not have enough residual kinetic energy “««* »** 
plate, against the opposing field, and the current registered by the gal¬ 
vanometer to the plate may show a decrease, as the accelerating voltage 

is increased. 



FLG. 8-10 <■/,./rim ./»/•«./ »f »>' 

out by Ft ant k and I lei IZ- 

With hydrogen atoms in the tube, for example, no change in the 
plate current would be registered on the galvanometer until the .ac 

^ «■ erf, ^hcTcr °.»< r;“ e = 

potentials occur, correspond, g.^ yohagc , 3 60 v> corrcsp onds to 

Z energy 13.60 ev, required to remove an electron completely from 
the hydrogen atom;'that is, it corresponds to .hr ^ ^ “ 

£ X - .T.-mSSi 1 ^ o, 
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the hydrogen atom, and the amount of energy 13.60 ev is called the 
ionization energy of the hydrogen atom. 

The first ionization energies of some atoms (the energy required to 
remove the first electron from the neutral atom) are given in Table 8-1, 
in both electron volts and kilocalories per mole. It is interesting to note 
that there is a correlation between the ionization energies and the 
chemical properties of the elements. The element with the smallest 
ionization energy, cesium, is the most metallic of all elements, and the 
other strongly metallic elements, the alkali metals, also have small 
ionization energies. The elements of the second group, the alkaline-earth 
metals, have somewhat larger ionization energies, and the ionization 
energies increase in value, although not regularly, to the halogens. 
The noble gases have very large ionization energies, which are, of course, 
associated with their chemical inertness. 

We can, moreover, understand why for a given group in the periodic 
table the ionization energy decreases with increase in atomic number. 
The atoms become larger as the atomic number increases, and the 
electron that is removed on ionization, which is one of the outermost 
electrons of the atom, is not bound so tightly to the nucleus in a large 
atom as in a small atom. 


TABLE 8-1 Ionization Energies oj Elements 


ELEMENT 

IONIZATION ENERGY 

in ev 

in kcol, mole 

Hydrogen 

13.60 

313.6 

Helium 

24.58 

567 

lithium 

5.39 

124.3 

Beryllium 

9.32 

214.9 

Boron 

8.30 

191.4 

Carbon 

11.26 

259.7 

Nitrogen 

14.54 

335.3 

Oxygen 

13.61 

314.0 

Fluorine 

17.42 

402.0 

Neon 

21.56 

497.2 

Sodium 

5.14 

118.5 

Pota ilium 

4.34 

100.1 

Rubidium 

4.16 

95.9 

Cetium 

3.87 

89.2 
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8-5. The Pauli Exclusion Principle and the Spin of the Electron 

Several important additions to the theory of atomic structure were 
made in the years 1924 and 1925. These include the discovery of he 
spinning electron, the formulation of the Pauli exclusion principle, he 
discovery of the wave character of the electron, and the development of 

3 TTeSnlhTBrTr^SWn. shown in Figure 8-6, are 
noT in Vac. single lines, but are split into pairs of lines that differ only 
slightly in wavelength. Similarly, many of ‘he spectral lines of the alkali 
metals' are doublets; an example is provided by the sodium D l.nes 
which were mentioned in an earlier section as hav.ng the wavelengths 
, oan X S 896 A (see Fig. 27-1). The explanation of this splitting of 

,^0 LuSS'uin * O. E. Uhinnb^ 

bom 1900) and S. Goudsmit (born .902), who had discovered that he 
splitting could be accounted for quantitatively by assuming that the 
electron is spinning about its own axis. Because the electron“ ^ 

charged, the spin about its axis confers on it a mag ne,,c • * 

whichin,rcu with the magnet, field of 

way as to change *«««» (q , wo cncrgy levels that lie close together. 

electron spin corresp d h ^ p au|i (born 1900) proposed a 

In the same yea , » called the Pauli exclusion 

simple principle of great in »pw ’ Qns can have exactly the same set 
purple. He stated that no ^ ^ (wo electrons can be in exactly 

of quantum numbers ' h helium atom two electrons might occupy 

the same state. Thus in t . . i According to the Pauli 

the most stable orbit, the or ' l dQ ^ only jf ,hcir spins are op- 

exclusion principle, howev "' J * um , hc th ird element, cannot have 
posed. Moreover, we sec because the third electron would 

three electrons in the orb., w«h - - >■ * ^ ^ first electron or the spin 
have to have its spin parall ^ by th( . exclusion principle, 

of the second electron, and norma l state must have two elcc- 

Accordingly, the lithium atom in . Wc orb »t, and one electron 

irons in the orbit with n - l^tne 
in a less stable orbit, with n - 2. 
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The great variety of chemical properties of the ninety-eight elements, 
and the periodicity that permitted the periodic system to be formulated, 
are the result of the property of nature that is expressed in the Pauli 
exclusion principle. If it were not for this principle—if successive elec¬ 
trons in any number could enter the most stable orbit in every atom, 
with n = 1—the chemical and physical properties of substances would 
change only uniformly with increase in the atomic number, and the 
world would not show the great variety in structure and composition 
that it docs show. 

8-6. Electron Waves and Quantum Mechanics 

During the period of twelve years following the formulation by Bohr 
of the orbital theory of the atom great progress was made in interpreting 
the observed spectra and other experimental results, such as those ob¬ 
tained by the electron-impact method. Especially important was the 
discovery by Arnold Sommerfcld (1868-1951) that the quantum theory 
could be applied to elliptical orbits as well as circular orbits. Some 
quantized elliptical orbits are shown in Figure 8-7. 

Many difficulties in interpreting observations in terms of the quantum 
theory arose, however, and these were not overcome until the years 
1924 and 1925. During these years there occurred a great increase in 
our knowledge about the nature of matter. It was recognized that elec¬ 
trons and other forms of matter have properties similar to those of waves, 
as well as properties that we normally ascribe to particles. 

The wave character of the electron was discovered by the French 
physicist Louis dc Broglie (born 1892). While making a theoretical 
study of the quantum theory, to serve as his thesis for the doctor’s degree 
from the University of Paris, he recognized that a striking analogy be¬ 
tween the properties of electrons and the properties of light quanta could 
1)0 recognized if a moving electron were to be assigned a wavelength. 
This wavelength is now called the de Broglie wavelength of the electron. 

The equation for the wavelength of the electron is 

X = — (8-15) 

rnv 

In this equation X is the wavelength of the electron, h is Planck's con¬ 
stant, m is the mass of the electron, and v is the velocity of the electron. 
It is seen that according to this equation a stationary electron has in¬ 
finite wavelength, and that the wavelength decreases with increase in 
the velocity of the electron. 
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Example 7. What is the wavelength of an electron with 13.6 ev of 

kinetic energy? „ 

Solution. One volt is 1/300 statvolt. The energy of a 13.6-cv 

electron is accordingly 

E = 13.6 X 4.80 X 10~ 10 /300 = 0.218 X 10 -° erg 

This is equal to \mv\ the kinetic energy of an electron moving 

with velocity v\ accordingly, 

mv 2 = 0.436 X 10 - l0 erg 

Multiplying both sides of this equation by m, we obtain 
m V = 0.436 X 10- X m = 0.436 X 10- X 9.107 X 10- 
= 3.96 X 10— 

By taking the square root of each side of this equation we obtain 
mv = 1.99 X 10— gem sec " 1 

By use of the de Broglie equation we can now obtain the value 
for the wavelength: 

6.624 X 10— H cm 1 sec ' 1 = 3 33 x 10 -« cm = 3.33 A 
K = mv 1.99 X 10— gem sec 1 

Accordingly, we have found that the de Broglie wavelength of 
an electron that has been accelerated by a 13.6-v potent.al differ- 

'"wc'ca’nnow calculate easily the wavelength of an electron with 
100 fimes as much kinetic cncrgy-that is, an electron that has 
been accelerated by a potential difference of 1,360 v. Since the 
energy is proportional to the square of the velocity, such an electron 

has ^velocity ten times that of a 

,0 the de Broglie equation, its wavelength ts 1/10 as great. Thus 
the wavelength of a 1,360-ev electron is 0.333 A. 

1 nt . « ,„,i thr Electron. One pari of ihc argument 
The Analogy Between the o wavelength of the electron can be easily 

carried out by de Broglie in his disco ry . h The mass of the photon is 

presented. The energy of a photon w.th frequency 
related to the energy by the Einstein equation 

whcTl’rcpr-cnu the mass of the photon. Dividing each side of this equation by e, 


we obtain 


hv 
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In this equation v/c can be replaced by 1/A, giving 
h 

mc=- 

or 



me 


Dc Broglie pointed out that the same equation might be applied to an electron, by 
using m for the mass of the electron instead of the mass of the photon, and replacing c, 
the velocity of the photon, by v, the velocity of the electron. In this way the dc Broglie 
equation is obtained. 

The Wavelength of the Electron and the Bohr Orbit. De Broglie 
pointed out that the wavelength of the electron as given by his equation 
has just the value to give reinforcement of electron waves in the suc¬ 
cessive circular Bohr orbits. An example is the circular Bohr orbit with 
total quantum number n equal to 5. The length of the orbit, 2 tt times 
the radius, is just equal to five times the de Broglie wavelength for an 
electron moving with the velocity given by Bohr’s theory for the elec¬ 
tron in this orbit. Thus the electron waves could be considered to rein¬ 
force one another as the electron moves about the nucleus in this orbit, 
whereas in slightly smaller or slightly larger orbits the waves would 
interfere. 

The calculation verifying this statement has been made in Example 7 
above. The kinetic energy of an electron in the first Bohr orbit, the 
normal state of the hydrogen atom, is 13.60 ev. In the solution of this 
example we have found the wavelength of the electron to be 3.33 A. 
The radius of the first Bohr orbit is 0.530 A. When this is multiplied by 
27r, the value 3.33 A is obtained. Hence in the first Bohr orbit there is, 
according to de Broglie’s calculation, just one wavelength in the cir¬ 
cumference of the orbit. According to the Bohr theory the velocity of 
the electron in the nth Bohr orbit is just \/n times the velocity in the 
first Bohr orbit, and the wavelength is accordingly n X 3.33 A. The 
circumference of the Bohr orbit is, however, proportional to n 2 (Equa¬ 
tion 8-13), being equal to rr X 3.33 A. This calculation hence shows, 
as dc Broglie discovered, that there are n electron wavelengths in the 
circumference of the nth Bohr orbit. 

The Direct Experimental Verification of the Wavelength of the 
Electron. The wave character of moving electrons was established be¬ 
yond question by the work of the American physicist C. J. Davisson 
(bom 1881) and the English physicist G. P. Thomson (born 1892). 
These investigators found that electrons that are scattered by crystals 
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produce a diffraction pattern, similar to that produced by X-rays scat- 
by crystals, and, moreover, that the diffraction pattern, inter 
prcted by Ihe Bragg law, corresponds to the wavelength g.ven by the 

de The 8 i«Sr U affng n Power of electrons through matter is far less than 
that of X-rays with the same wavelength. It is accordingly necessary to 
reflect the beam of electrons from the surface of a crystal (- was done 
by Davisson and his collaborators, using a smgle crystal of nickel), or 
,o shoot a stream of high-speed electrons through a very thin crystal or 
layer of crystalline powder (as was done by Thomson). 

The structure of crystals can be investigated by the electron-d.ffrac^n 
method as well as by the X-ray-diffraction method. The electron-dif¬ 
fraction method has been especially useful in studying the struct.in of 
thin films on the surface of crystal. For example, .« hasi been 
shown that when argon is adsorbed on a clean face of a nltkcl c ^ Sta ‘ 
the argon atoms occupy only one-quarter of the positions formed by 
triangles of nickel atoms (in the octahedral face of the cubic closest- 
packed crystal). The structure of very thin films of metal oxide that 
formed on the surface of metals, and tha, protect them against further 

useful foe M*. 

the structure of gas molecules. The way in which the diffraction pattern 
is formed is illustrated by Figure 3-20, which corresponds to thet scattcr- 
I , of wavcs by a diatomic molecule. The molecules in a gas have dif- 

I .he electron-diffraction me,hod .he s.eue.uees of .c.ee.l 

hundred molecules have been determined in this way. 

8-7. Quantum Mechanics and Atomic Structure 

'intiuii ihrorv involving also the wave char- 
A great improvement in quanta. ' , |h( . im| , rovcd lh( . ory , which 

aetcr of the c eetron, was ■ was developed principally 

,s called quantum nudum, (| K)1 „ 1901), .he Austrian 

by the f»erman |>h>M« ini i«K7) ,, u l ihc English physicist 

phynic-ist Frwm of <,uan!u.n me- 

Paul Adrien Maurice willl „,e experimental infor- 

ehan.es seems to be m c«J ^ ^ molcculcSi but some additions 

mation about the structure 
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probably need to be made before the theory is applicable to the discus¬ 
sion of the structure of nuclei. Quantum mechanics cannot be discussed 
in a brief elementary way, and in this book we shall have to be content 
with the description of some of its results, especially with respect to the 
electronic structure of atoms and molecules. 

Quantum mechanics does not describe the motion of electrons in the 
atom so precisely as was done by Bohr. The properties of the atom that 
can be measured are, however, correcdy given by the quantum-mechan¬ 
ical equations. These properties include, for example, the average dis¬ 
tance of the electron from the nucleus, in a particular quantum state, 
and also the average speed with which the electron moves. It is found 
that the average distance of the electron from the nucleus is the same 
as was calculated by Bohr, and the average speed (the root-mean-square 
speed) is also the same. The angular momentum, however, is different, 
and in particular the electron in the hydrogen atom in its normal state 
is not moving around the nucleus in an orbit with angular momentum 
h/2 tt, but is moving in toward and out from the nucleus, in an orbit 
with zero angular momentum. 

The electrons moving about a nucleus are described in quantum 
mechanics by certain mathematical functions, called wave functions. The 
wave function for one electron is called an orbital wave function , and the 
electron is said to occupy an orbital (rather than an orbit). The use of 
a different name indicates that the motion of the electron according to 
quantum mechanics is somewhat different from the motion in a Bohr 
orbit. There is only one orbital with principal quantum number n = 1; 
this orbital is called the 1 s orbital, and is said to constitute the K shell. 
For n = 2 there are four orbitals; one of them is an orbital of high 
eccentricity and no angular momentum, called the 2s orbital, and the 
other three are orbitals corresponding to a nearly circular orbit, the 
2 p orbitals. The three different 2 p orbitals represent different orienta¬ 
tions of the orbit in space. These four orbitals, one 2s orbital and three 
2 p orbitals, constitute the L shell. The M shell is constituted of one 3 s 
orbital, three 3 p orbitals, and five 3 d orbitals. 

The electronic structure of atoms, as described by distributing the 
electrons among these orbitals, will be discussed in Chapter 10. 


8—8. What Is Light? What Is an Electron? 

During recent years many people have asked the following questions: 
Docs light really consist of waves, or of particles? Is the electron really 
a particle, or is it a wave? 
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These questions cannot be answered by one of the two alternatives. 
Light is the name that we have given to descr.be a part of nature^Thc 
name refers to all of the properties that light has, to all of the phenomena 
that arc observed in a system containing light. Some of the propert.es 

srri rzL'Z i&zs iprjsn w 

quence of waves nor a stream of particles; .t .s both. 

In the same way, an electron is neither a part.cle nor a wave, .n the 

ordinary sense. In many ways the behav.or ° fel ^" S Bui 

P f « k ;n°;;r ,o settle ?* 

-—- - 

"IK-.. *.« ^ 

is the name that scientists av studied by J. J. Thomson, 

such as the beam in the electric disc g ^ ^ ^ drops in Millikans 
the carrier of the unit eke n ^ ^ fluorin e atom to convert 

apparatus, the part that is a .what docs the electron look 

u" » . tmM, »"• T ^“ 0 :t n q c Tn” how » 1 »k „ „ O.OCW— 
like?--cannot be answered, i ordinary visible light from it, and 

i. is too small to be seen by studying nature than is 

unless somebody discovers some better w-Y <* • V 
now known, this question w.ll rema.n unanswered. 
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Exercises 

8-1. Discuss briefly Planck’s constant and its relation to the photoelectric effect 

8-2. When an uncharged metal plate is illuminated with ultraviolet light the plate 
becomes positively charged. Explain the phenomenon, in particular why the 
plate becomes positively charged rather than negatively charged. 

8-3. The amount of energy required to remove an electron from a sodium atom in 
sodium vapor (to ionize the sodium atom) is 5.14 ev. What is the longest wave¬ 
length of light that you would expect to be able to ionize sodium atoms, assum¬ 
ing that the energy of ionization must be provided by one quantum of the light? 

8-4. Ozone, Oj, is produced in the upper atmosphere by ultraviolet light from the 
sun. The first step in the production of the ozone is the dissociation of an oxygen 
molecule into two oxygen atoms; each of the oxygen atoms then combines with 
another oxygen molecule, to form a molecule of ozone. The amount of energy 
required to dissociate an oxygen molecule into oxygen atoms is 5.08 ev. Calcu¬ 
late the limits of the region of wavelengths of ultraviolet light that would be 
effective in producing ozone. 

8-5. The amount of energy required to remove an electron from the metal platinum 
is 4.43 ev. What is the longest wavelength of light that will produce photoelec¬ 
trons from platinum? 

8-6. The photoelectric threshold for magnesium is 3,700 A. What is the energy, in 
electron volts, of photoelectrons produced from magnesium by light of wave¬ 
length 3,000 A? What is the velocity of these electrons, in cm/scc? 

8-7. Describe how Millikan used the photoelectric effect to determine the value of 
Planck’s constant. 

8-8. An X-ray tube is operated at a voltage of 40,000 v. What is the shortest wave¬ 
length of X-rays present in the beam from the tube? 

8-9. What arc the values of the quantum numbers for the initial states and the final 
state of the spectrum lines in the Balmer spectrum of hydrogen? Draw an energy- 
level diagram for the hydrogen atom, and indicate the transitions corresponding 
to the emission of the Balmer lines. 

8-10. What is the dependence of the size of the orbits, in the Bohr theory, on the 
principal quantum number, and on the atomic number of the atom (the charge 
of the nucleus)? 

8-11. Describe the electron-impact experiments carried out by Franck and Hertz in 
the period 1914 to 1920. What properties of atoms or molecules are measured by 
this experiment? 

8-12. The ionization energies of hydrogen, helium, and lithium are 13.60 ev, 24.58 ev, 
and 5.39 ev, respectively. Discuss the relation of these values to the chemical 
properties of the three elements. 

8-13. Describe the electronic structures of the normal hydrogen atom, helium atom, 
and lithium atom in terms of Bohr orbits, the spin of the electron, and the Pauli 
exclusion principle. 



Exercises 


The dr Broglie wavelength of the electron U equal to kjmv Calculate the wave- 
kngth of arf electron that has been accelerated through 40.000 volts of accelerat¬ 
ing potential. (Electrons with this wavelength are used tn the de.erm.natton 
the structure of gas molecules by the electron-d.ffrae.ton method.) 

Describe briefly an experiment in which light behaves like a wave; an expert- 

r:vrr. 


like particles. 


Chapter g 


Ions, Ionic Valence, 
and Electrolysis 


9 - 1 . The Concept of Valence 

If there were no order in the way in which atoms of different elements 
combine to form the molecules and crystals of compounds it would be 
necessary for us to memorize one by one the formulas of thousands of 
substances. Fortunately there is a great deal of order in the formulas 
of substances, resulting from the fact that some elements have a definite 
combining power, or valence (from Latin valentia , vigor or capacity), 
which determines the number of other atoms with which an atom of the 
clement can combine. Other elements, more complex in their behavior, 
may exhibit any one of two or more definite combining powers. The 
topics discussed in the following pages—the nature of valence, the va¬ 
lences of the elements and their relation to atomic structure, and the 
systematization of the valences and other properties of the elements by 
the periodic table—constitute a very important part of chemical science. 

The General Concept. There exist binary compounds (compounds of 
two elements) with many different formulas, corresponding to different 
atomic ratios; examples are NaCI, HjO, NH 3 . CH,, PCI*, SF C , A1 2 0 3 , 
Si3N 4 , P 2 0 & , P 3 Ni, Mn 2 0 7 , OsF H . Some elements are known the atoms 
of which usually do not combine with more than one atom of any other 
clement. Hydrogen is an element of this sort: it forms compounds HC1, 
H 2 S, etc., but not compounds with formula HX., HX 3 , • • • . An ele¬ 
ment of this sort is said to have “the valence one"-- to be univalent. 
The valence of another element may be defined as the number of atoms 
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of a univalent element with which one atom of the element combines. 
Thus one atom of oxygen combines with two atoms of hydrogen to form 
water, H s O; hence oxygen is bivalent in this compound. Nitrogen m 
NH 3 is te,valent, and carbon in CH, is quadr,valent.' 

Oxygen is bivalent in most of its compounds. Since oxygen combines 
with most of the elements, some of which form several different ox.dcs 
the common valences of the elements can be found by " 0 " S ‘SJ en ' 
formulas of their oxides. Thus sodium, wuh oxide N*0, « ™ en , 
calcium (oxide CaO) is bivalent; aluminum (ox.de AUO a ) is tervalent, 
pholpLus (common oxides P 2 0 3 and P,O s ) is tervalent and quinque- 

Va Often a distinction is made between positive valence and negative valence 
the metals being assigned positive valences and the non-metals nega¬ 
tive valences A detailed discussion of this point is given later, in the 
sections on ionic valence and on the oxidation numbers of the demon s 
Valence bonds between atoms in a molecule may be represented y 

lines connecting pairs of atoms; 

H H H 


O—H H—N—H 


H—C—H 

I 

H 


0=0=0 H ON 


and N=N can be written for elementary substance.. 

• The concept of valence as discussed above 

More Prec.se Concepts The questions may present 

is not rigorously defined, a • V P have either 

themselves. Thus 5^me n “ J J t() 8 mbincd wilh any other element, or 
the valence zero, since it n assi „„ed the structural for- 

,he valence one, ,inee ,bc ,ce,ylenc. C,H„ may 

mula H-H, S ™“»' „ u combined wiih an equal number ol 

sr z se' i— gzsr * .* 

I (in rooi tlir I .aim prclixcs arc preferred, leading to 
• Since the word -valence ha> - ^ ^ q uinqucvalcnt. scxivalcnt. sept,- 

the adjectives univalent, bival • , divalent, trivalcnt. tctravalcnt, etc., which 

valent, octavalent. The adjectives mo nova 
have the wme meaning!, are also used. 
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and of chemical combination in general has led in recent years to the 
dissociation of the concept of valence into several new concepts—of 
ionic valence, oxidation number , covalence, coordination number corresponding 
to different modes of interaction of the atoms. These new concepts 
are discussed in later sections. Some chemists have felt that the word 
“valence” might well be allowed to drop into disuse, in favor of these 
more precise terms. In practice, however, “valence” continues to be 
used as a general expression of the combining powers of the elements or 
as a synonym for one or another of the more precise terms. 


9 - 2 . Ions and Ionic Valence 

The Existence of Stable Ions. In the discussion of the mass spectro¬ 
graph in Chapter 6 it was mentioned that atoms in a gas have the power 
to add an extra electron, forming a negative ion such as I“, or to lose 
an electron, forming a positive ion such as I + . This affinity for electrons 
or ability to lose electrons is so great for many elements as to cause their 
anions or cations to be very stable, and to be present in most of the 
compounds of these elements. 

Of the various ions which the iodine atom can form, only the singly 
charged negative ion, I“, is stable in the compounds of iodine. This ion, 
called the iodide ion, is present in the iodides of the stronger metals. The 
other halogens also form singly charged anions: the fluoride ion F““, the 
chloride ion Cl“, and the bromide ion Br~. 

Neutral atoms of the alkali metals have no affinity for additional 
electrons, but instead each of these atoms holds one of its electrons only 
loosely—so loosely that in the presence of a halogen, which can take up 
the electron, it loses an electron, forming a singly charged positive ion. 
These cations, which are present in nearly all of the compounds of the 
alkali metals, are called the lithium ion Li + , the sodium ion Na + , the potas¬ 
sium ion K + , the rubidium ion Rb + , and the cesium ion Cs + . 

The Structure of an Ionic Crystal. When metallic sodium and gase¬ 
ous chlorine react each sodium atom transfers an electron to a chlorine 
atom: 

2Na + Cl 2 —2Na + + 2C1“ 

There occurs a strong electrostatic attraction between each sodium ion and 
every chloride ion in its neighborhood. There also occurs repulsion be¬ 
tween ions of like sign. In consequence of these forces, and the repulsive 
forces which occur between all ions or molecules when they get so close 



195 


[§ 9-2) Ions and Ionic Valence 
to one another that their electronic structures are in contact the ions 
pile up together in a regular way, each sod.um .on surroundmg .ttelf 
with sfx chloride ions as nearest neighbors, and keep.ng all other sod.u 
ions somewhat farther away. The structure of the sod.um chlor.de c^sta 

'• «*».!*: -d.™ chfcrid* „c 

ions, and hence y , r accs at r ieht angles to one another, 

ions. 

. „ , , „• v.Unce The strong electrostatic forces acting 

The Ionic Bond. tom fo. The magnitude of the 

between anion. and canons are : ^ ^ ^ vaUnce . Thus 

electric charge (uunm > sodium ch]oride and is said to be urn- 
3C "d chlorine has ionic valence -1 andls^tobe -g* 

. An r n ty Ci rV^ C t r be Ssenually electrically neutral, t Hence a 
crystal of sodium chloride must conttinwlthe 
as Cl- ions, and Us thus determ.ned by the 

a— — ““ 

up to zero. 

, a *1,*. Periodic Table. It is a striking, fact that every 

Ionic Valence and the . number of electrons as one of the 

alkali ion and every halide ton con am of chem i ca l reactivity 

mxzziz :=£-- -——- 

. . _rni 1 of a crystal depends on the conditions of crystalliza- 

• The habit (mode of face developmen ) ^ ^ C||brt and from a solution containing 

tion; for example, salt crystallize, from ijf |hr ,„ a p.-both kinds of salt crystals 

urea as octahrdra. The cleaver » n f<-rr drvr ,op.nrnt are. of course, the 

show cubic cleavage. 1 hese crysta of aIC ,| ie same substance, 

same substance, just as large or negative ions, and thus be charged posi- 

t It might have an excess of e.th P«* (mcaS urcd in units <) is always small compared 
uvely or negatively, but the amount of charge (mcasu 

with the number of atoms. 
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traordinary stability of configurations of 2, 10, 18, 36, 54, and 86 electrons about 
an atomic nucleus. 

The alkali metals (in group I of the periodic table) are unipositive 
because their atoms contain one more electron than a noble-gas atom, 
and this electron is easily lost. The halogens, in group VII of the periodic 
table, are uninegative because each of their atoms contains one less elec¬ 
tron than a noble-gas atom, and readily gains an electron. 

Similarly, atoms of the elements of group II of the periodic table can 
by losing two electrons produce ions (Be ++ , Mg 4 ' 4 ', Ca 4-4 , Sr 4- *", Ba 4-4 ) 
with the noble-gas structures. These elements are hence bipositive in 
valence. The elements of group III are terpositive, those of group VI 
arc binegative, etc. 

The formulas of binary salts, such as Mg 4 " 4 (F~) 2 , Ca^O , Ba+^S , 
(Al +++ ) 2 (0"~) 3 , etc., can thus be written from knowledge of the posi¬ 
tions of the elements in the periodic table. 

Ionic compounds arc formed between the strong metals, in groups I, 
II, and III, and the strong non-metals, in the upper right-hand corner 
of the periodic system. In addition, ionic compounds arc formed con¬ 
taining the cations of the strong metals and the anions of acids, especially 
of the oxygen acids. The principal oxygen acids and their ions arc given 
in Table 9-1. 

Table 9-1 The Annies and Formulas of the Principal Oxygen-Containing Acids and 
Their Anions 


carbonic odd 

H : CO, 

carbonate ion 

cor - 

silicic acid 

H.SiO, 

silicote ion 

Sio,-— 

nilric acid 

HNO, 

nitrate ion 

nor 

phosphoric acid 

H,PO« 

phosphate ion 

PO.— 

sulfuric acid 

HjSO* 

sulfate ion 

so* 

sulfurous ocid 

H,SO, 

sulfite ion 

sor- 

perchloric ocid 

HCIO, 

perchlorate ion 

CIO* 

chloric ocid 

HClOi 

chlorote ion 

CIO, 


h is seen that many of the formulas given in Chapters 5 and 6 could be 
predicted: the fluoride of sodium must be Na 4 F“ and that of calcium 
Ca ,f (F“) 2 (fluorite); their carbonates must be (Na + ) 2 (C0 3 ) and 
C ‘.a • * (C0 3 )— (and we can also write Na 4 H + (C0 3 ) for sodium hydro¬ 
gen carbonate and Ca* 4 (I I* C0 3 “”) 2 for calcium hydrogen carbonate); 
their normal phosphates must be (Na + ) 3 (P0 4 ) and (Ca + ^) 3 (P 04 ) 2 . 

Crystals of all of these salts consist of cations and complex anions piled 
together in a regular array. 
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Ions Without Noble-Gas Structure. In addition to the ions 

S 

rrrijon.^ 

ESS E- Z P n«. The «-* — ^ “S5S2 

containing the tcrpos.t.ve tons, such as EuGI, mu, 
form bipositivc or quadriposmvc ions also. 

9-3. The Electrolytic Decomposition of Molten Salts 
The discovery of ions resulted^rom 

.-specially by Michael Faraday, m the period around 

process of conduc ting dipped into a cruci- 

l decompose^' II - *«-» (ft- 

ble containing molten sodium sodium is produced at the 

a battery °r Stator) “ gasccus rhlo rine a, «hc positive 

S^todrSuch electric decomposition of a substance ,s 

called electrolysis. 

The Mechanism of Ionic Conduction. 

nomenon is the following. Mo " " so( |i 11 „ 1 ions and chloride ions, 
substance, consists of equal num > u c | ( . ( - tron s easily. 

These ions are very stable, and *"[ by „uir neigh- 

Whereas the ions in the crysU » arc ^ considerable freedom, 

bors, those in the molten sa , , ron s into the cathode and 

An electric generator ^2^^^ freely in a metal or 
pumps them away from th< an 
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a semi-metallic conductor such as graphite. But electrons cannot ordi¬ 
narily get into a substance such as salt; the crystalline substance is an 
insulator, and the electric conductivity shown by the liquid is not 
electronic conductivity (metallic conductivity), but is conductivity of a 
different kind, called ionic conductivity or electrolytic conductivity. This results 
from the motion of the ions in the liquid; the cations, Na + , are attracted 
by the negatively charged cathode and move toward it, and the anions, 
CT, are attracted by the anode and move toward it (Fig. 9-1). 

The Electrode Reactions. The preceding statement describes the 
mechanism of the conduction of the current through the liquid. We must 
now consider the way in which the current passes between the electrodes 
and the liquid; that is, we consider the electrode reactions. The process 
which occurs at the cathode is this: sodium ions, attracted to the cathode, 
combine with electrons carried by the cathode to form sodium atoms 
that is, to form sodium metal. The cathode reaction is 

Na+ + r —*- Na 

the symbol e~ representing an electron (in this case coming from the 
cathode). Similarly, at the anode chloride ions give up their extra elec¬ 
trons to the anode, and become chlorine atoms, which are combined 
as the molecules of chlorine gas. The anode reaction is 

2C1- —►- Cl, + 2e~ ( 9 " 2 > 

The Over-All Reaction. The whole process of conduction in this 
system thus occurs in the following steps: 

1. An electron is pumped into the cathode. 

2. The electron jumps out of the cathode onto an adjacent sodium 
ion, converting it into an atom of sodium metal. 

3. The charge of the electron is conducted across the liquid by the 
motion of the ions. 

4. A chloride ion gives its extra electron to the anode, and becomes 
half of a molecule of chlorine gas. 

5. The electron moves out of the anode toward the generator or 
battery. 

The student should note that there is nothing mysterious about this 
complex phenomenon, once it is separated into its parts and the indi¬ 
vidual processes are analyzed. If the phenomenon seems mysterious, he 
should study it further, and ask, if necessary, for its clarification. 

The over-all reaction for the electrolytic decomposition is the sum 
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of . he two electrode reactions. Since two electrons are shown on their 
way around the circuit in Equation 2, we must double Equation 1: 

2Na + + 2e~ —2Na 

2C1~ —>- Cl. + 2e~ _ (9 3 > 

2Na + + 2C1" —2Na + Clj 

elwtr. 

2NaCl —v 2Na + Cl. ^ 

electr. 

Equations 3 and 4 are equivalent; both represent the decomposition 
of sodium chloride into its elementary consutucnts. The abbreviation 
“clectr.” (for electrolysis) is written beneath the arrow to indicate that 
the reaction occurs on the passage of an electric current. 


9 - 4 . The Electrolytic Dissociation of SubstancesSn Solution 

Water itself has a very low electric conductivity. There arc no free 
electrons (metallic electrons) in the substance to give it electronic or 
metallic conductivity, and there arc not enough ions (such as the sodium 
ions and chloride ions in molten sodium chloride) to give it .appreciable 
ionic conductivity. 

Many aqueous solutions, especially those of organic substances (sugar, 
glycerol, alcohol), are also poor conductors of electricity. But many other 
aqueous solutions conduct an electric current very well. These include 
solutions of most acids (hydrochloric acid, acetic acid etc.), bases 
(sodium hydroxide, calcium hydroxide, etc.), and salts (sodium chlo- 
ride, potassium tartrate, etc.). 

The explanation of the large electric conductivity of these solu- 
tions was given in 1887 by the Swedish chemist Svante Arrhenius 
(1859-1927), who suggested that part or all of the solute is present in 
the form o' separate ions, carrying positive and negative charges, rather 
than in the form of molecules. This postulate is now generally accepted; 
the support for it is so strong that we speak of it now as more than a 
theory—as a fact. 

Strong Electrolytes and Weak Electrolytes. The ordinary mineral 
acids (hydrochloric, nitric, sulfuric), inorganic bases, and many salts 
give strongly conducting aqueous solutions. These substances arc called 
strong electrolytes: they are almost completely ionized (dissociated) in solu¬ 
tion. Other substances—ammonium hydroxide (NH 4 OH), acetic acid, 
mercuric chloride—have in solutions of the same concentrations much 
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smaller conductivity than do strong electrolytes; these substances are 
called weak electrolytes. 

The properties of weak electrolytes result from the presence in their 
solutions of undissociated solute molecules as well as ions—that is, from 
the formation of a smaller number of separate ions in the solution than 
would be expected from the amount of substance present. Thus a solu¬ 
tion of mercuric chloride, HgCl„ contains the solute molecular species* 



FIG. 9-2 
partially 


A solution o/ a comfiUuly dtssaciaud soli (at tl U UJt) and oj a 
dissociated salt (at the right). 


Hg ++ , Cl- HgCl + , and HgCI„ all in appreciable concentrations, cor- 
responding to the equilibrium 

HgClj q=s HgCl* + Cl- Hg~ + 2C1- 
The difference between a solution of a strong electrolyte and a so.u 
tion of a weak electrolyte is illustrated tn F.gure 


Writing Equation, for Ionic 

chemical react.on be'ween strong W ^ ipilation of silver 

^Xo^^rof a sol't-on of hydrochloric acid to a solution of 
silver nitrate would be written 
Ag+ + Cl" —*• AgCl | 

.. ■occia’* to refer to ions as well as neutral 

• It u customary to use the term molccu P' 

molecules. 


I 


Ions , Ionic Valence, and Electrolysis [Chap. 9] 


202 

and not 

AgN0 3 + HC1 —*- AgCl + HNO* 

The ionic equation represents the actual reaction, the combination of 
silver ion and chloride ion to form the product silver chloride. It is true 
that nitrate ion was present in solution with the silver ion, and hydrogen 
ion was present with the chloride ion; but these ions remain in essen¬ 
tially their original state after the reaction has occurred, and there is 
hence usually no reason to indicate them in the equation. 

The same equation, 

Ag + + Cl" AgCl \ 

is, moreover, applicable also to the precipitation of, say, silver perchlo¬ 
rate solution (containing Ag + and ClOr) by sodium chloride solution 
(containing Na + and Cl - ). 

A good rule to follow is to write the chemical equation to correspond as 
closely as possible to the actual reaction , showing the molecules or ions which 
actually react and are formed. 

In accordance with this rule, either the ions or the molecules may be 
shown for reactions involving weak electrolytes. If a substance is not 
ionized at all, its molecules should be shown in the equation. 


9 - 5 . The Importance of Water as an Electrolytic Solvent 

Salts are insoluble in most solvents. Gasoline, benzene, carbon disulfide, 
carbon tetrachloride, alcohol, ether—these substances arc “good sol- 



Dipolc moment 



FIG. 9-3 

Two water molecules with their electric dipole moment vectors 
oriented in opposite directions. 


Dipole moment 
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vents” for grease, rubber, organic materials generally; but they do not 
dissolve salts. (There arc rare exceptions: thus silver perchlorate, AgCIO*, 
is soluble in benzene.) 

The reasons why water is so effective in dissolving salts are that it has 
a very Inch dielectric constant and that its molecules tend to combine with ions , 
to form hydrated ions. Both of these properties are due to the large electric 

dipole moment of the water molec ule. 

The water molecule has a considerable amount of tonic character; 
it can be thought of as an oxygen ion 0~ with two hydrogen tons H 
attached near its surface. These hydrogen ions arc 0.95i A from the 
oxygen nucleus, and on the same s.de, the angle H O H being 105 . 
Hence there is a separation of positive charge and negative charge within 
the molecule, causing the center of the positive charge in the molecule 
to be to one side of the center of the negative charge. Such a combina¬ 
tion of separated positive and negative charges is called an electric 
dipole moment (Fig. 9-3). 

The Effect of the High Dielectric Constant. In an electric field, as 
Ltween the Metros,areally charged plates of a condenser, the water 
molecules tend to orient themselves, pointing their positive ends toward 
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the negative plate and their negative ends toward the positive plate 
(Fig. 9-4). This partially neutralizes the applied field, an effect described 
by saying that the medium (water) has a dielectric constant greater 
than unity. 



FIG. 9-5 Diagrams .showing the structure oj hydrated ions. 

The dielectric constant of liquid water at room temperature is 80. 
This means that two opposite electric charges in water attract each 
other with a force only 1/80 as strong as in air (or a vacuum). It is 
clear that the ions of a crystal of sodium chloride placed in water could 
dissociate away from the crystal far more easily than if the crystal were 
in air, since the electrostatic force bringing an ion back to the surface 
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of the crystal from the aqueous solution is only 1/80 as strong as from 
air; and hence it is not surprising that thermal agitation at room tem¬ 
perature is great enough to overcome this relatively weak attraction, and 
to cause large numbers of the ions to dissociate into the aqueous medium, 
producing a concentrated salt solution. 

The Hydration of Ions. A related effect which stabilizes the dissolved 
ions is L formation of hydrates of the ions. Each negative ton attracts 
the DOsitive ends of the adjacent water molecules, and tends to hold 
several water molecules attached to itself. The positive ions, which are 
usually smaller than the anions, show this effect still more strong^y 

>“ N s 

La(OH 2 ) 9 * l+ , etc. (Fig. *)•$)• molecules arc so strong that the 

The forces between rations and « " ° v;lU . r It hydra- 

ions often retain a layer ofwa J , ) Qsi , ivc an d terpositivc ions 

tion). This effect is more pronounced I U( .,| I .O),^ * occurs in 

than for unipositivc ions. 1 he t, irahcd ^ ( B.-SO. -tl 1..0, and 

various salts, including B< - s • ^ j(j so | ulion . Larger ions, 

BeSeO.- 4| TA a nd » ^ NV , atta(h six water mole- 

cuWaTfh^rners'of a' cireum, ribed u. uihedron. These are present in 
salts such as the following as well as ,n soluuon. 


MgCI, 611,0 

NH«MgPO«' 6 HjO 

Mg(C10j)» - 61 ljO 

Mg(C10,),-6H,0 

MgSiF t -6HjO 

NiClj-6HjO 

NiSnCl,-6H,0 

Ni(NO 3 ).0H ; O 

NiS0,-6H,0 or 711-0 


AK :lj-6l ItO 
AI(C:IOj)»-6HrO 
K.M<S0,):'2H,.0 
(NH < )»(S0 4 ) 1 -6HjO 
Si IV. -611,0 

•(NOj),-6HiO 

CL6II.-0 

_ •(NO,)>-6IIsO or 7HjO 
K l'e(S< ).)- -12HjO 


,,ll instead "1 II" 1« •"«!».U.-.I »»•*• ««»«■'" 
• In these formulas water » |,.,|,oKrn alums law. «Hr oulsule. 

atom of the water inoler ule is near I •• 

Usually the formulas are written • 
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In a crystal such as FeS0 4 *7H 2 0 six of the water molecules are at¬ 
tached to the iron ion, in the complex Fe(H 2 0) fi ' M ', and the seventh 
occupies another position, being packed near a sulfate ion. In the alums 
(such as KA1S0 4 12H 2 0) six of the twelve water molecules are attached 
to the aluminum ion and the other six are near the alkali ion. 

Crystals also exist in which some or all of the water molecules have 
been removed from the cations; for example, magnesium sulfate forms 
the three crystalline phases MgS0 4 -7H 2 0, MgS0 4 *H 2 0, and MgS0 4 . 

A further discussion of complex ions is given in a later chapter 
(Chap. 23). 

Other Electrolytic Solvents. Some liquids other than water can serve 
as ionizing solvents, dissolving electrolytes to give conducting solutions. 
These liquids include liquid ammonia, hydrogen peroxide, and hydrogen 
fluoride. All of these liquids, like water, have very large dielectric con¬ 
stants—the reason that ionic solutions are formed by them is that there 
is strong interaction between the electric charges of the ions and the 
solvent molecules which stabilizes the ionic solutions. Liquids with low 
dielectric constants, such as benzene and carbon disulfide, do not act as 
ionizing solvents. 

Liquids with large dielectric constants arc sometimes called dipolar 
liquids (or simply polar liquids). It is interesting to note that these di¬ 
polar liquids are good solvents for ionic crystals (containing electric 
“poles,” or charges), and that non-polar liquids (benzene, etc.) arc good 
solvents for non-polar substances. 


9-6. The Electrolysis of an Aqueous Salt Solution 

Wlun a current of electricity passes through an aqueous electrolytic 
solution there occur phenomena analogous to those described in the 
preceding section for molten salt. The five steps arc the following: 

1. Electrons are pumped into the cathode. 

2. Electrons jump from the cathode to adjacent ions or molecules, 
producing the cathode reaction. 

3. The current is conducted across the liquid by the motion of the 
dissolved ions. 

4. Electrons jump from ions or molecules in the solution to the 
anode, producing the anode reaction. 

5. The electrons move out of the anode toward the generator or 

ballerv. 

* 

Let us consider a dilute solution of sodium chloride (Fig. 9-6). The 
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FIG. 9-6 EU,t,olyus oj Mu„ *,««« 
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process of conduction through this solution (step 3) is closely similar 
to that for molten sodium chloride; here it is the dissolved sodium ions 
that move toward the cathode and the dissolved chloride ions that 
move toward the anode. 

But the electrode reactions for dilute salt solution are entirely different 
from those for molten salt. Electrolysis of dilute salt solution produces 
hydrogen at the cathode and oxygen at the anode. 

The cathode reaction is 

2e~ + 2H 2 0 —H 2 f -f 20H- (9-5) 

Two electrons from the cathode react with two water molecules to 
produce a molecule of hydrogen and two hydroxide ions. The molecular 
hydrogen bubbles off as hydrogen gas (after the solution near the cathode 
has become saturated with hydrogen), and the hydroxide ions stay in the 
solution. 

The anode reaction is 


2HoO 


0 2 f + 4H+ + Ae~ 


(9-6) 


Four electrons enter the anode from two water molecules, which de¬ 
compose to form an oxygen molecule and four hydrogen ions. 

(These electrode reactions, like other chemical reactions, may occur 
in steps; the description given in the preceding sentence of the course 
of the anode reaction is not to be interpreted as giving the necessary 
sequence of events.) 

The over-all reaction is obtained by multiplying Equation 5 by two 
and adding Equation 6: it is 

6H 3 0 —>- 2H 2 f 4- 0 2 1 + 4H+ 4- 40H“ (9-7) 

elcctr. anode anode cathode 

In the course of time the ions H + produced near the anode and OH“ 
produced near the cathode may diffuse together and combine to form 
water: 


H + 4 OH- 


h 2 o 


If this occurs completely, the over-all electrolysis reaction is 


2H 2 0 —2H 2 f 4- 0 2 f 

cathode anode 


(9-8) 


In discussing the electrode reactions we have made no mention or 
use of the fact that the electrolyte is sodium chloride. In fact, the electrode 
reactions are the same for most dilute aqueous electrolytic solutions , and even 
for pure water as well. When electrodes are placed in pure water and a 
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Exerases 

potential is applied the electrode reactions 5 and 6 begin to take place 
Very soon, however, a large enough concentration of hydroxide ions is 
built up near the cathode and of hydrogen ions near the anode to pro¬ 
duce a back electric potential that tends to stop ,he reactions. Even 
in pure water there arc a few ions (hydrogen ion H , and hydroxide 
ion OH - ); these slowly move to the electrodes, and neutralize he ions 
(OH - and H + , respectively) formed by the electrode reactions. It is the 
smallness of the current which the few ions present in pure water can 
cT^y through the region between the electrodes tha, causes the elec- 

trolysis of pure water to proceed only very slouly. 

Equations 5 and 6 above represent water molecules undergoing c c- 
^ . 11 These are probably the usual molecular 

well be simply 

2H + + 2e~ —*- Hj t 

and in basic solutions, in which there is a high concentration of h>drox- 
idc ions, the anode reaction may be 

40H“ —0 2 f + 2H,0 + 

- 

the electrodes 'han inpur - ■ (h( . calhodc region, where their 

going electrolysis indium ™ ^ nrgiltiv ,. charge, of the hy- 

positive electric charges c | ^ ( ^ c| , |kxU . reaction. Sim- 

droxidc ions that have b d , h( . ano do compensate elec- 

ilarly, the chloride ions to * ^ ,, y anofk . reaction, 

trically the hydrogen ions that • , hodl . aI „| „f hydrogen ion 

The production of i, - 

at the anode during the cl<c truly. 

litmus or a similar indicator. f , h ,. r electrolytes is 

The electrolysis of dilute unit ing liy<lm .,.. n , in d oxy- 

closcly similar lo that of '<* ,U, "‘ ' r;l „ , . tl c |e< irolytie solutions may 
gen gases at the electrod.s , s<M |i„m chloride solution) on 

behave differently; concen.rat.d bnn.^ ^ ^ ^ oxygen, 
electrolysis produces chloimc .i 


Exercises , , 

I and oxygen bivalent. select the elements 
9-1. Assuming hydrogen to \* un,v.. • • . %) ; (I,) bivalent; 

w,.U h, in any nf « h ' '^ I £... (0 ~iva.cn.: 

(c) icrvalcm; (d) quadnvaki.l. t ) I 1 



210 


9-2. 


9-3. 


9-4. 


9-3. 


9-6. 


9-7. 

9-8. 


9-10. 


‘*-11 


9-12. 
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SO-. SO,, NaH, NajO, HCI, HF, Cl A PH* NH* NO, NjO* NO* NO* 
HiS, AljO», SiOj, PjO,, PjO s , Mn-O, CrrO,, CrO,, FcO, FeO,, MgO, CaO, 
TiO* VO* NiO, CujO, CuO, AsO* AsO* SnO, Sn0 2 . 

Assuming that their atoms can lose enough electrons to reach the neon config¬ 
uration, show the corresponding positive ions for the elements from sodium to 
sulfur, inclusive, and write the formulas of the corresponding oxides of these 
elements. Do the same for the elements from potassium to chromium, assuming 
that their atoms reach the argon configuration. 

Assign ionic valences to the elements in the following compounds: 


LiF 

NajO 

HCI 

CoClj 

MgClj 

CaO 

CrO, 

AgF 

A 1.0, 

KBr 

FcClj 

CdCI- 

NaH 

ScO, 

FeCI, 

CaCI- 

BF, 

TiO, 

ZnF 2 

BaO 

SiF, 

Mn«0 ; 

Na>S 

RaCI, 


Underline the ions which do not have a noble-gas structure. 

Assign ionic valences to the central atoms of the eight acids in Table 9-1. Which 
of these correspond to noble-gas structures for the ions of these atoms, and which 
do not? 

W hat is the relation between the atomic numbers of the noble gases and the 
squares of small integers? (Consider the differences between atomic numbers of 
successive noble gases.) 

W hat would lx- the charge on an iron ion that had the electronic structure of 
the preceding noble gas? Why do the transition elements tend to form ions (such 
as Mn“, le", Pc***) with smaller charges than correspond to a noble-gas 
struc lure? 


\\ hat forces hold a Mxlium chloride crystal together? 

Magnesium oxide and sodium fluoride have the same crystal structure (the 
stadium < hloridc structure, shown in Fig. 4-4). Magnesium oxide has hardness 6 
on the Mohs scale, and sodium fluoride has hardness 3. Can you explain why 
the two substances differ mi much in hardness? Can you also explain why the 
melting |m tint of magnesium oxide (2.800° C) is very much higher than that of 
sodium fluoride (992°)? Note that the ions in the two substances have the same 
electronic struc ture. 


How is electric current carried along a metallic wire? from an inert cathode 


into fused sodium chloride? through fused sodium chloride? from fused sodium 
chloride into an inert anode? 


Why docs molten m* 1*0111 chloride conduct a current much Inner than does 

solid \>«liiiiu ililmide? 


Wlui MiliM.ui> i- Would In- formed at each Hex trcxlc on electrolysis of molten 
lithium iixdiide, l.i'll , with inert electrodes? 

Wl.% do * an aqueous solution containing 1 gfw of hydrochloric acid per liter 
coiiduc t the elec tiic current much lirtter than a similar solution of acetic acid? 
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9-13. Outline the complete mechanism of conduction of electricity between inert 
electrodes in a dilute sodium chloride solution. 

9-14. Write equations for the anode reaction, the cathode reaction, and the over-all 
reaction for electrolysis of the following systems, with inert electrodes: 

(a) Fused potassium bromide 

(b) Fused sodium oxide 

( c ) Dilute aqueous solution of s*»diiim hydroxide 

(d) Dilute aqueous solution of hydrochloric acid 
(c) Concentrated solution of hydrochloric acid 

(f) Fused silver bromide, Ag 4 Br“ 

(g) Dilute solution of silver nitrate (silver deposits on cathode) 

(h) Fused zinc chloride, ZnCU 

9-15. Can you suggest an explanation for the fact that mercuric chloride, HgCI* is 
much more soluble in benzene than is magnesium chloride? 

9-16. Can you explain why sodium chloride crystallizes from solution as unhy- 
drated NaCI, beryllium chloride as BcCI, «H,0. and magnesium chloride as 

MgClt'6HiO? 
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Covalence and 
Electronic Structure 

10-1. The Shared-Electron-Pair Bond; Covalence 

In the preceding chapter we have discussed chemical compounds which 
contain ions , and which owe their stability to the tendency of certain 
atoms to lose electrons and of others to gain them. When these ionic 
substances arc melted or arc dissolved in water the ions become able 
to move about independently, and the molten substance or solution is a 
conductor of electricity. 

There arc many other substances, however, that do not have these 
properties. These non-ionic substances are so numerous that it is not 
necessary to search for examples—nearly every substance except the 
salts is in this class. Thus molten sulfur, like solid sulfur, is an electric 
insulator, as arc liquid air (liquid oxygen, liquid nitrogen), bromine, 
gasoline, carbon tetrachloride, and many other liquid substances. Gases, 
too, are insulators, and do not contain ions, unless they have been ionized 
by an electric discharge or in some similar way. 

These non-ionic substances consist of molecules made of atoms that 
arc bonded tightly together. Thus the pale straw-colored liquid that 
is obtained by melting sulfur contains S g molecules, each built of eight 
sulfur atoms; liquid air contains the stable diatomic molecules O z and 
Ns, bromine the molecules Br 2 , carbon tetrachloride the molecules CC1 4 , 
and so on. 

The atoms in these molecules are held tighdy together by a very 
important sort of bond, the shared-electron-pair bond or covalent bond. This 
bond is so important, so nearly universally present in substances, that 
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Professor Gilbert Newton Lewis of the University of California (1875- 
1946) who discovered its electronic structure, called it the chemical bond. 
It is the bond that is represented by a dash in the valence-bond for- 

C1 

mulas, such as Br-Br and Cl-C-Cl, which have been so written by 

Cl 

chemists for nearly a hundred years.* 


The Hydrogen Molecule. The simplest example of a covalent mole¬ 
cule is the hydrogen molecule, H, For this molecule the electronic 
structure H : H is written, indicating that the two electrons are shared 
between the two atoms, forming the bond between them. Tins structure 

corresponds to the valence-bond structure H-H 

The meaning of this structure is that the two electrons are held jointly 
by the"o nuclei, and constitute a firm attachment between thenv 
The nature of the electronic structure ,s md.cated m Figure 4-5 wh.ch 
shows the electron distribution in two separated hydrogen atoms and 

The ^bmid^bctwcen'thc two nuclei is a very strong one I. holds the 
nuclei at the average distance 0.74 A apart-they oscillate with an 
amplitude of a few hundredths of an Angstrom at room temperature 

-“oT —’pS 

is formed from hydrogen atoms: 

2H —Hj + 103.4 kcal/molc 

We have seen in 

very strong tendency for .uoms gas by losing or gaining one 

to achieve the electron numbtr ^ , hal , hc sa me 

or more electrons. Il P° of molecules containing covalent 

tendency is operative in the f > counted for each of 

bonds, and that the electrons in the bond 

the bonded atoms. achieve the helium 

Thus the hydrogen atom, ^ hydri de anion. H : 

structure by taking up oneel ^ ^ mcIilHic hydrides (Na + H - , 

present in lithium hydride, L H1 . hc | iuin structure by sharing 

Ca ++ (H _ )j, etc.). It can also achieve ^ ^ ^ ^ ioBic sub , unca . suth 

• Structures of this sort should not. , Na'Cl than by Na—Cl. 

a, .odium chloride; .hi. .uUuncc i. .epr^n.cd bc.,cr , 
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an electron pair with another hydrogen atom, each of the two atoms 
contributing one of the electrons, and the shared pair being counted 
first for one atom and then for the other: 



10-2. The Electronic Structure of Atoms 

After the development of the Bohr theory of the hydrogen atom, in 1913, 
there occurred rapid progress in the determination of the electronic 
structure of atoms containing many electrons. This progress resulted 
from the study of many physical phenomena, especially the line spectra 
of the atoms. By 1925 detailed knowledge had been obtained of the 
electronic structure of all the atoms. This knowledge is required for 
the understanding of valence and molecular structure. 

The Electronic Structure of the Noble Gases; Electron Shells. A 

heavy atom contains some electrons which stay very close to the nucleus, 
some which move about at a larger average distance from the nucleus, 
and so on. These electrons are said to be in concentric electron shells 
about the nucleus. 

The helium atom contains two electrons, each of which carries out 
motion about the nucleus similar to that of the one electron in the hy¬ 
drogen atom. These two electrons are said to occupy an electron shell, 
the K shell. No more than two electrons can be put in this shell. All 
heavier atoms have two K electrons close Jo the nucleus. 

The neon atom consists of two K electrons close to the nucleus and 
an outer shell of eight L electrons. Argon has, in addition to the K shell 
and the L shell, another shell of eight electrons, the M shell. 

Both neon and argon arc hence related to the preceding noble gas 
by an increase of the nuclear charge by 8 and the addition of a new 
outer shell of 8 electrons. This relation docs not hold, however, for the 
noble gases heavier than the first three. Krypton has, it is true, a new 
outer shell of 8 electrons, the N shell , but also the next inner shell, the 
At shell, has expanded from 8 to 18 electrons. At xenon there is added a 
new outer shell of 8 electrons, the 0 shell , and again the next inner shell 
(the N shell) has expanded from 8 to 18. 

Thus each of the two short periods in the periodic table involves the 
addition of a new outer shell of 8 electrons; and each of the two long 
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periods involves the addition of a new outer shell of 8 electrons and also 
the insertion of 10 additional electrons into the next inner shell. 

The very long period, completed at radon, involves the addition of a 
new outer shell of 8 electrons, the P shell , the insertion of 10 additional 
electrons into the next inner shell (the 0 shell), and also the insertion of 
14 additional electrons into the following inner shell (the N shell). 

The successive shells K t L, M, N, 0, P are also represented by the 
numbers 1, 2, 3, 4, 5, 6, respectively, which are the values of the principal 

quantum number. 

The electronic structures of the noble gases may be summarized as in 
Table 10-1. 


table 10-1 Electron Shells of the Noble Gases 



The numbers 2, 8, 18, and 32, which arc the max,mum numbers of 
electrons that can occupy the success,ve shells A, L, M and N, are 
seen to be equal to 2n*. with . - 1, 2, 3, and 4. respect,vely. 


Sub.hells of Electron,. A given shell may be occup.ed by any number 
of electrons up to its maximum capacity. The configurates w„h 2 8 
18, and 32 in a shell are, however, espcc.ally stable; thus the AT shell 
contains 8 electrons in krypton, 18 in xenon, and 32 ,n radon The 
stability of these numbers of electrons results from the fact that each 


TABLE 10-2 

Subshells oj Electrons 

M 3* ' 

— 2 

\ 8 

} 

3 P 

— 6 

J 

,8 

3d 

— 10 


J 

N 4i 

— 2 

\ 8 

1 „ 


4p 

— 6 

J 

,8 

■ 32 

Ad 

— 10 


J 


At 

— 14 


• 
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shell (except the K shell) consists of two or more subshells, with varying 
stability. The L shell contains a 2s subshell of 2 electrons and a 2 p sub¬ 
shell of 6 electrons; for other shells the subshells are as in Table 10-2. 
The letters s , />, d, / used for successive subshells derive from an unsys¬ 
tematic nomenclature introduced by spectroscopists before the theory 
of atomic structure and atomic spectra had been developed. 

These noble-gas electronic structures, corresponding to 2, 10, 18, 36, 
54, or 86 electrons arranged in a particular way about an atomic nu¬ 
cleus, have very great stability. This is shown by the fact that the ioniza¬ 
tion energy is greater for the noble-gas atoms than for atoms of other 
elements, this being the energy required to remove an electron from 
the atom—that is, the energy absorbed during the reaction 

X —*- X + + 

Similarly, the electron affinity , the energy liberated on picking up an addi¬ 
tional electron, according to the reaction 

x + *-—*- x- 

is zero for the noble gases, which do not have the power of adding 
another electron. 

The Sizes of Atoms and Ions. The additional outer shells of atoms 
do not increase their size greatly. As the atomic number increases, the 



FIG. 10-1• 

The eln Iron tli\lrihnlinn in alkali ions anil 
hah tie loin. 
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corresponding shells decrease in size (Fig. 10-1), permitting the new 
outer shell to be only a litde larger than that for the preceding inert gas. 

Although the outer electrons in an atom or ion are not rigorously 
restricted to a certain distance from the nucleus, atomic radii or ionic radii 
can be assigned to the atoms and ions, which indicate approximately 
the size of the atom. The noble gases, alkali ions, and halide ions have 
the radii given in Table 10-3. 


table 10-3 Radii oj Halide Inns, Xoblc-Gas Atoms, 
and Alkali Ions 



He. 0.8 A 

U*. 0.60 k 

r, i.36 k 

Ne, 1.1 

No*, 0.95 

cr. i.8i 

A. 1.5 

K*. 1.33 

tr, 1.95 

Kr. 1 7 

Rb\ 1.48 

r. 2.16 

Xe. 1.9 

C»*. 1.69 


The radius of a cation is smaller than that of the corresponding inert 
gas, because of the increase in atomic number (charge on the nucleus , 
and that of the corresponding anion is larger (compare Na , Nc, F ). 

Many of the properties of substances can be explained in terms of 
the siz« of atoms and ions. An example is given in the discussion of the 
formulas of the oxygen acids, Chapter 21. 

The Structure of Other Atoms. Each of the elements fromlithiiim 
to neon, in the firs, short period of theperiodic system.has arpinner 
K shell of 2 electrons and an outer L shell containing from 1 electron to 

8 electrons. 

The electron-dot symbols of these atoms are 


Li Be 


B 


N 


: O 


: Nc: 


Note that the inner electrons (for these atoms the two ^ declare 
no, shown; the symbol Li, for example, here represents the lithium 

nucleus plus the two K electrons. . u., ..ncvninieH 

There are four orbitals in the L shell, each of which can bcuncKCupied 

or can be occupied by one electron or by two electrons. Two electrons 
in r 0 £i£ constitute an «*». A* (the Pauli 

*-» -»• ** * » "P'tTST, 

with four unpaired electrons in its L shell, i J 

each of the four orbitals. Neon, however, with eight L electrons, can 



218 


Covalence and Electronic Structure [Chap. 10] 

them into the four L orbitals only as four electron pairs. The completed 
noble-gas outer shell of four electron pairs is called an octet of electrons. 
The atoms in the second short period may be represented similarly: 


Na Nig • A1 • 






The orbitals which constitute a noblc-gas outer shell arc an s orbital 
and three p orbitals. The first long period, containing eighteen elements, 
involves also a subshell of five 2>d orbitals, in addition to the 4 s orbital 
and the three 4 p orbitals. It is usually considered that ten of the elements 
of this period (say from Sc to Zn, inclusive) correspond to the introduc¬ 
tion of five electron pairs into the 3 d subshell. These ten elements are 
sometimes called the iron transition elements. 

It is not customary always to show all of the electrons outside of the 
argon shell for these elements. These electrons arc shown for the first 
few elements: 


K- 





However, usually the five electron pairs in the 3 d orbitals arc omitted 
in the symbols of the last few elements of the period; that is, only the 
electrons of the N shell are represented: 







There is no accepted usage for the elements in the middle of the period. 
The elements of the second long period are similarly represented: 

Rb • Sr • V • • Zr • 

• • 

and 

Cd • In* • Sn • : Sb • : Tc • : I • : Xc : 

• • • • • • • 

The very long period begins with the three elements cesium, barium, 
and lanthanum: 

Cs • Ba • La • 


It is customary to ascribe the next fourteen elements, the rare-earth metals , 
to the introduction successively of fourteen electrons into the seven 4/ 
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orbitals. The remaining elements are similar to those shown directly 
above them in the periodic table, and are similarly represented. 


An Energy-Level Diagram. A diagram representing roughly the en¬ 
ergy values of all electrons in all the atoms is given in Figure 10-2. Each 
orbital is represented by a square. The diagonal line indicates that there 
is room in each orbital for two electrons, one with positive orientation 
of its spin (arrow directed up) and one with negative orientation (arrow 
directed down). The energy of an electron in an orbital is indicated by 
the vertical coordinate in the diagram, the most stable orbital (with 
smallest energy) being the \s orbital, at the bottom of the diagram. 
An energy scale is not shown, because the energy of an orbital depends 
on the charge of the nucleus (the atomic number of the atom) as well 
as on the quantum numbers of the orbital, and a different scale would 

be needed for each element. - 

The electrons are shown as being introduced in sequence, the first 
and the second in the \s orbital, the next two in the Is orbital, the next 
six in the three 2/» orbitals, and so on. The sequence is indicated by 
arrows. The symbol and atomic number of each element are shown ad¬ 
jacent to the outermost electron (least firmly bound electron) in the 


neutral atom. .... .. , . , „ 

The distribution of electrons among the orbitals ,s called the electron 

configuration of the atom. It is represented by the symbols of the orbitals 
with the number of electrons in each orbital as a superscripu For ex¬ 
ample, the electron configuration of helium is 1r , and that of iron 


lr J 2r J 2 b‘ 3r’ 3 p 3</‘ 4j 5 . 

There may be several states of an atom corresponding to the same 
configuration. Thus oxygen, with the configuration D 2s 2p , may have 
two unpaired 2 p electrons, as shown in Figure 10-2, or may have no 

unpaired electrons: 


2 P 



Tirn unpaired i In Irons 



unpaired eler Irons 


For the heavier atoms the sets of states corresponding to two or more 

different configurations may have nearly the same energies, and there is 
cimcrem conngu • w |,at electron configuration should lie 

some arbitrariness m deciding wha Thc configurations 

liivcn in a table or diagram such as 1 i 0 . . 

shown in Figure 10-2 are those of the lowest state of the free (gaseous) 

atom or of a state very close to the lowest state. 
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Example 1. What is the electron configuration of the ferric ion, Fe +++ ? 
Does this ion contain any unpaired electrons? 

Solution. From Figure 10-2 we see that the neutral iron atom has 
the electron configuration lr* 2,’ 2/>‘ 3r* 3 p- W 4A The three most 
loosely bound electrons are to be removed from the atom to give 
the ferric ion Fe^. The figure shows the 4r orbital and the 3 d 
orbital to have essentially the same energy; hence the three most 
loosely bound electrons might be three 3 d electrons, or two 3 d elec¬ 
trons and one 4s electron, or one 3rf electron and two 4s electrons. 
The electron configuration of Fe~" might then be any one of the 
following three: 

A. Is* 2s 5 2/>‘ 3s* 3/>* 3 <P 4s ! 

B. Is 1 2s 5 2/-‘ 3$* Y 3 d' 4s 

C. li* 2s s 2/-‘ 3s* 3/)‘ 3rf* 

This is as far as the solution of the problem can be taken without 
additional information.* 


10-3. Covalent Molecules of Elements 


The general rule for the formation of covalent bonds is the following: 
Stablf molecules or complex ions involving covalent bonds hare structuressue s * al 
each atom achieves a noble-gas elect,on,c confront,on or some otu,tube ro«- 
fguration, the slurred electrons being counted for each of the boM ™ 

rCle may be illustrated firs, by its application to the molecules and c>s 

tals of the non-mctallic elements. 

• • 

The Halogen Molecules. A halogen atom, such as fluorine, : F •, 

lacks one electron of having 

the noble-gas structure by forming a . g 

halogen atom: 


F : F : or 


F — F 


: Cl: C I 


or 


Cl Cl 


Br : iVr : or : hr * Br 


: I : I : 


or 


: I I 


• » - - 

or , f ™ r«,cs of solutions of ferric salts that the ferric 
• I. is, in fad. A pdm.u only «Hrce unpaired elcdrons. 

ion conUins five unpaired electrons. ^ ^ an j p, rin it live unpaired electrons 

.hens. Usually C U u,c„ as .he contra,ion 

of the ferric ion. 


222 


Covalence and Electronic Structure [Chap. 10] 

This bond holds the atoms together in diatomic molecules, which are 
present in the elementary halogens in all states of aggregation—crystal, 
liquid, and gas. 

The Elements of the Sixth Group. An atom of a sixth-group element, 
such as sulfur, lacks two electrons of having a completed octet. It can 
complete its octet by forming single covalent bonds with two other 
atoms. These bonds may hold the molecule together cither in a ring, 
such as an S 8 ring, 

• • • • 

: S-S s 

V. 

: S S : 


s S S : 

: S—S : 

• • • • 

or in a very long chain, with the two end atoms having an abnormal 
structure, 

V V V V V V V 

•A- A- A A A. A 

Sulfur itself occurs in both these forms. Ordinary sulfur (orthorhombic 
sulfur, monoclinic sulfur, the pale straw-colored liquid obtained by melt¬ 
ing crystalline sulfur without overheating, and sulfur vapor) consists of 
staggered rings S„, with the configuration shown in Figure 10-3. When 
molten sulfur is heated to a temperature considerably above its melting 
point it becomes deep-red in color and extremely viscous, so that it will 
not pour out of the lest tube when the tube is inverted. This change in 
properties is the result of the formation of very large molecules, contain¬ 
ing hundreds of atoms in a long chain—the S g rings break open, and 
then combine together into a “high polymer.” * The deep-red color is 
due to the abnormal atoms at the ends of the chains, and the great vis¬ 
cosity is due to the interference with molecular motion caused by en¬ 
tanglement of the chains with one another. 

When the viscous liquid is rapidly cooled it forms a plastic, rubbery 

• A /. olymn is a molecule made hy combination of two or more identical smaller mole¬ 
cules. A hi&h polymer is made by combination of many identical smaller molecules. 
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“supercooled liquid.” When this rubbery material is stretched the long 
chains align themselves parallel to the stretching direction, and the sulfur 
crystallizes as fibrous sulfur. 

Selenium crystallizes as red crystals containing Se 8 molecules, and as 
semi-metallic gray crystals containing long staggered chains, stretching 
from one end of the crystal to the other. Tellurium crystals also contain 

long chains. , . 

Ordinary oxygen contains diatomic molecules with an unusual elec¬ 
tronic structure. We might expect these molecules to contain a double 



thus to complete the octet for each atom 


: 6 : : 6 : or : 0 — 0 : 

Instead, only one shared pair is formed, leaving two unpaired electrons: 


: O : O : or 


O- O 


These two unpaired electrons are responsible for the paramagnetism of 

ox -T'L or —- 

for a .ingle covalent bond. Tins »»*°* m ol. rule may be s-«d to conta.n a single 

bond formation, of a .proa! ‘ h ' ” .. miy ,*• wr.t.cn at = O^O : 

covalent bond plus two ihiee-eleclron bonds. 
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Ozone , the triatomic form of oxygen, has the electronic structure 

o’; '& 

s ' / ‘ 

- : O , : O 

\ ~ • V 

Here one of the end atoms of the molecule resembles a fluorine atom 
in that it completes its octet by sharing only one electron pair. It may 

• • 

be considered to be the negative ion, : O • which forms one covalent 

« • 

bond. The central oxygen atom resembles a nitrogen atom, and may be 

considered to be the positive ion : O • + , which forms three covalent 

bonds (one double bond and one single bond). The angle between these 
bonds has been found to be 120° (Fig. 5-6). 

Two structures for ozone arc shown above, in braces. This indicates 
that the two end oxygen atoms are not different, but arc equivalent. 
The molecule has a structure represented by the superposition of the 
two structures shown; that is, each bond is a hybrid of a single covalent 
bond and a double covalent bond (see Sec. 10-5, on resonance). 



FIG. 10-4 
/ ht /’, moIrmU. 


7?5 

II 10-3] Covalent Molecules oj Elements 

a t* rnnomers The nitrogen atom, lacking three clcc- 

t fEtdot srSSfS 

££ Secule 1 Three e.ec.ron pair, are shared by the .wo n„ogen 
atoms: 

:N:::N: or : N = N : 

Th* bond is on.rom.1, « »d 

.bV^r., — shown in P*«. ,0-4 («n .■» 




„ the relation of the tetrahedron and the 

FI ?Jln ZTuL There poly he dr a are mutant in molecular strut - 


ture. 
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Fig. 10-5). Each phosphorus atom forms covalent bonds with three 
others. This molecule exists in phosphorus vapor, in solutions, and in 
solid white phosphorus. In other forms of the element (red phosphorus, 
black phosphorus) the atoms arc bonded into larger aggregates. 

Arsenic and antimony also form tetrahedral molecules, As« and Sb*, and, 
at higher temperatures, diatomic molecules, As? and Sb 2 , in the vapor 
phase. Crystals of these elementary substances and of bismuth, however, 
contain high polymers—layers of atoms in which each atom is bonded 
to three neighbors by single covalent bonds. 

Carbon and Its Congeners. Carbon, with four electrons missing from 
a completed octet, can form four covalent bonds. In diamond each atom 



FIG. 10-6 The structure nj diamond. 

is bonded strongly to four neighboring atoms which arc held about it 
at the corners of a regular tetrahedron (Fig. 10-6). These covalent bonds 
bind all of the atoms in the diamond crystal together into a single giant 
molecule, and since the C—C bonds are very' strong the crystal is very 
hard. This structure helps to explain why diamond is the hardest sub¬ 
stance known. 

Graphite consists of layers of atoms, with the structure shown in Fig¬ 
ure 10-7. Each atom has three near neighbors. It is bonded to two of 
them by single covalent bonds, and to the third by a double bond. 
'1 Vs completes the octet for each atom. The double bonds are not fixed 
in position, but move around so as to give each bond some double¬ 
bond character. The covalent bonds tie the atoms very tighdy together 
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into layers; however, the layers are piled rather loosely on one another, 
and can be separated easily, which causes graph.te to be a soft substance, 

which is even used as a lubricant. . _ , ^ . 

Silicon, germanium, and gray tin also crystallize with the diamond 
structure. Ordinary tin (white tin) and lead have metallic structures 

(see Chap. 24). 
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The Tetrahedral Atom. The tetrahedral arrangement of four carbon 
atoms around each carbon atom in diamond is not the result of chance, 
but is instead the expression of an important property of the octet: 
The four electron pairs of an octet , whether shared or unshared , tend to arrange 
themselves in space at the corners of a regular tetrahedron. The angle between 
two single bonds formed by an atom thus tends to be near the tetra* 
hcdral angle, 109°28'. This explains why the S 8 ring and the S. chain * 
are staggered; the sulfur “bond angle is about 106°. 

A double bond between two atoms may be represented by two tetra- 
hedra sharing two comers—that is, sharing an edge (Fig. 10-8). The 



Single bond Double bond Triple bond 

FIG. 10-8 Tetrahedral atoms forming single , double , and triple bonds. 


four single bonds which the two can also form, if they arc carbon atoms, 
then lie in the same plane. The ideal angle between a single bond and 
a double bond is 125°16'. 

A triple bond between two atoms may similarly be represented by 
• two tetrahedra sharing a face (Fig. 10-8). 


10—4. Hybrid Bond Orbitals 

The configuration 1 s z 2s 7 2p 7 shown in Figure 10-2 for carbon represents 
the isolated carbon atom in its normal state, but is not the most interest¬ 
ing configuration to chemists. To form a covalent bond an atom needs an 
orbital occupied by a single ( unpaired) electron; the two electrons, of two 
atoms joined by a bond, arc paired together. The normal carbon atom 
has only two unpaired electrons, and hence could form only two cova¬ 
lent bonds. 

In most of its compounds carbon forms four covalent bonds. The 

• A very long chain of sulfur atoms is sometimes written S, or S.. The symbol » here 
means a very large number, rather than the mathematical “infinity.” 
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FIG. 10-9 
The structure of the methane molecule. 



££££££ of ,ha quadrivalcnl caaboa .»» 



rlG Dl „„. W» * * ** K 

is written U* 2 j 2p 2p 2 p, to show that all four valence electrons occupy 

different orbitals with this configuration 

U mig h. be .houghttha, ^ and (hrce bonds 

would form one bond o electrons. In fact, however, the four 

of another kind with its t ree the mct hanc molecule, CH„ 

bonds that it forms are cx * c * , symrnctr y, with the nuclei of the 

for example, hasi regular e samc Y dislanrc from the nucleus of the 
four hydrogen atoms exactly 
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carbon atom (Fig. 10-9). The explanation of this fact is that the 2s 
orbital and the three 2 p orbitals can be hybridized (combined) to form 
four orbitals that are exactly equivalent to one another. These four 
orbitals arc directed toward the four comers of a regular tetrahedron; 
they are called tetrahedral bond orbitals. They are better suited to forming 
bonds than are the 2s and 2 p orbitals themselves, which are especially 
appropriate to describing isolated atoms. 

The four tetrahedral bond orbitals of a quadricovalent atom are rep¬ 
resented in Figure 10-10. 


10—5. Resonance 


In Section 10-3 it 


was mentioned that ozone has the structure 


» 

\ . 

O* 

• • 

• • 


•o; 

/ 



and that graphite has the structure indicated in Figure 10-7, but with 
the double bonds not fixed in place. The reason for these statements is 
that it is known from experiment that the two oxygen-oxygen bonds in 
ozone arc not different, but arc equivalent, and that the carbon-carbon 
bonds in graphite are also all equivalent. Equivalence of the bonds can 
be explained by the assumption of a hybrid structure. Each of the bonds 
in ozone is a hybrid between a single bond and a double bond, and its 
properties are intermediate. 

It is customary to say that the double bond resonates between the two 
positions in ozone. The resonance of molecules between two or more electronic 
structures is an important concept. Often it is found difficult to assign 
to a molecule a single electronic structure of the valence-bond type 
that represents its properties satisfactorily. Often, also, two or more 
electronic structures seem to be about equally good. In these cases it is 
usually wise to say that the actual molecule resonates among the struc¬ 
tures, and to indicate the molecule by writing the various resonating 
structures together in braces. These various structures do not correspond 
to different kinds of molecules; there is only one kind of molecule pres¬ 
ent, with an electronic structure which is a hybrid structure of two or 
more valence-bond structures. 
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10-6 The Structure of Compound Substances 

SSSSSSS33S3 

structure 

11 

H I 

H : C: H or H — C — H 

fi i 


ami chloroform, CHOI,, the similar structure 


: Cl: 

H: C : Cl: 
• • •• 

: Cl: 


or 


: Cl: 

I .. 

H — C — Cl: 

I ’ 

: Cl: 


paper, bu, it must no, be forge>ucn' * ,e ‘ rcprcscntatio n of the 

When the spa.ia for*. Fig. 10-4). 

three-dimensional struciur mn i rru | cs containing covalent bonds 

Other electronic structures of -olecul^jnta ^ q( com _ 

may be readily written, y cep elements. Note the use of 

ss ———- 

onating structures: 


H 


H 

: O: H 


or 


; O — H water 


O II 


hydroxide ion, present in basic solutions 
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H 

/ 

: O — H 

\ 

H 


H 

/ 

N —H 

\ 

H 

H 

i 

H —N —H 


H 


H H 

\ / 

C —C. 

/ \ 

H H 

H-CbC-H 


H — C ~ N : 


H H 

I 

: <> O : 

• • • • 

H 

: S — H 
• • 


hydronium ion, present in acidic solu¬ 
tions 


ammonia 


ammonium ion 


ethylene (all atoms in the same plane) 


acetylene (linear molecule) 
hydrogen cyanide (linear molecule) 


hydrogen peroxide 


hydrogen sulfide 


Cl: 

I .. 

S — Cl: 


sulfur dichloridc 



10-7) The Partial Ionic Character o] Covalent Bonds 


0 = 0 = 0 : 


O == C — O : 
• • 

o —C^O : 


C = 0 : 


C = O : 


: Cl: 


: P —Cl: 


: Cl: 


carbon dioxide (linear molecule) 


carbon monoxide 


phosphorus trichloride 


: N = N — O : 


; n = N = 6: 


nitrous oxide (linear molecule) 


10—7 The Partial Ionic Character of Covalent Bonds 

SrsssSS-HSS 

«u^c is «o be written for it. Thus for lithium chlonde we wr.te 
Li + Cl" or Li + : Cl : ~ 

covalent structure 
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Between LiCl and NCU there are the compounds Beds, BCU, and CCl 4 . 
Where does the change from an ionic structure to a covalent structure 
occur? Should BC1 3 be written 


B +++ (Cl-) 3 or 



\ 

:Q 
• • 

/?}■ 
•• ' 

or 

ca 

11 

u 

t • 

/ 

Q: 

• • 

^d: 


? 


The answer to this question is provided by the theory of resonance. 
The transition from an ionic bond to a normal covalent bond does not 
occur sharply, but gradually. The structure of the boron trichloride 
molecule is best represented as the resonance hybrid of all the structures 
given above. 

Often only the covalent structure is shown, and the chemist bears in 
mind that the covalent bonds have a certain amount of ionic character. 
These bonds arc called covalent bonds with partial ionic character. 

For example, the hydrogen chloride molecule may be assigned the 
resonating structure 

|h + : Cl: - , H : Cl: ]• 

This is usually represented by the simple structure 

* 

H — cil: 

• • 

It is then borne in mind that the hydrogen-chlorine bond has a certain 
amount (about 20%) of ionic character, which gives the hydrogen end 
of the molecule a small positive charge and the chlorine end a small 
negative charge. 


The Electronegativity Scale of the Elements. It has been found pos¬ 
sible to assign to the elements numbers representing their power of at¬ 
traction for the electrons in a covalent bond, by means of which the 
amount of partial ionic character may Ik* estimated. This power of 
attraction for the electrons in a covalent bond is called the electroneg¬ 
ativity of the element. In Figure 10-11 the elements other than the transi¬ 
tion elements (which all have electronegativity values close to 1.6) and 
the rare-earth metals (which have values close to 1.3) are shown on an 
electronegativity scale. The way in which this scale was set up is de¬ 
scribed in Chapter 31. 
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The scale extends from cesium, 0.7, to fluorine, 4.0. Fluorine is the 
most electronegative element by far, with oxygen in second place and 
nitrogen and chlorine in third place. Hydrogen and the characteristic 
metafloids are in the center of the scale, with electronegativity values 
close to 2. The metals have values of about 1.8 or less. 



F1G . 10 -11 The electronegativity scale. The 
imate values Jor the transition metals. 


dashed line indicates approx- 


The ftrther .w.y ~ 

(horizontally in Fig. 10-11), <eat.er scalc is ,.9 the 

-— ,h ” 

TABLE 10-4 Pa,Hal Ionic Cha.acUt of Bon,I, and Elect,o- 
TABLE 1W t (1 tnte of Atoms 


— *1* 

PARTIAL IONIC 
CHARACTER 

0.0 

ori 

.2 

1 

.4 

3 

.6 

7 

.8 

12 

1.0 

18 

1.2 

25 


PARTIAL IONIC 
CHARACTER 
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this, it would seem appropriate to write an ionic structure for the sub¬ 
stance, and if it is less, to write a covalent structure. No rigid adherence 
to such a rule is called for, however. 

The approximate relation between the amount of ionic character of 
a single bond between two atoms A and B and their electronegativity 
difference x A — x B is given in Table 10-4. 

An important use of the electronegativity scale is to indicate roughly 
the stability or strength of a bond. The greater the separation of two elements 
on the electronegativity scale , the greater is the strength of the bond between them. 
In general, great bond strength leads to the evolution of a large amount 
of energy as the bond is formed (see Chap. 31). This may be illustrated 
by the heats of formation of the hydrogen halides: 

H 2 + Fj —2HF + 128 kcal 
H 2 + Cl 2 —2HC1 + 44 kcal 
H 2 + Br,(*) —>- 2HBr + 25 kcal 
H 2 + U(g) —*- 2HI + 3 kcal 

Reactions between elements with nearly the same electronegativity usu¬ 
ally arc accompanied by small heat evolution or absorption. 

10-8. The Electroneutrality Principle 

A simple principle useful in the discussion of the electronic structure of molecules is the 
elcctroncutraliiy principle, which states that in stable compounds each atom is nearly 
electrically neutral. This principle is made reasonable by the fact that a great amount 
of energy is needed to remove a second or a third or a fourth electron from an atom. 
The successive ionization energies of aluminum, for example, are the following: 

5.98 ev + AI —Al 4 + f~ 

18.82 ev + Al 4 —*- Al** + /“ 

28 44 ev + Al** —►- Al* 4 * + *~ 

1 19.96 rv -f Al* 4 "* —>- Al** 44 4- e“ 

The first ionization energy, 3.98 ev, is of the order of magnitude of the heat of chem¬ 
ical reactions involving one atom of aluminum or some other metal; for example, 
the heat of oxidation of Al to jAbOj (the heat liberated when aluminum is oxidized) 
is 190 kcal/mole, which is 8.24 ev per atom of aluminum. It is accordingly not unreason¬ 
able that the forces involved in the interactions between aluminum atoms and oxygen 
atoms might remove one electron from an aluminum atom (transferring it to an oxygen 
atom). The second ionization energy. 18.82 ev, is very much larger, however; it is nearly 
as large as the first ionization energy, 21.56 ev, of the noble gas neon, which holds its 
electrons so tightly that it docs not form chemical bonds with any atoms, and accord¬ 
ingly it seems unlikely that in chemical reactions an aluminum atom would lose a sec¬ 
ond electron, and still more unlikely that it would lose a third electron. 
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Nevertheless, a solution of an aluminum salt is shown by its electric conductivity 
to contain tripositive a.uminum ions. A.-. The explanation.of the apparent con«d^ 

octahedron about it. Its structural formula is 

H H nt++ 

I I 

H-O O-H 

H \ \ / / H 

yo —M—o<” 

H / / \ 'H 


I 


H-O 

| 

H 


O—H 


H 


J 


If each of the bonds from aluminum to oxygen were a normal covalent bond, the 
aluminum atom would have six valence canons, in addition »*« of 

only a small charge. rlcctroneulrality principle; wc shall mention 

Many NhI PH„ AsH„ SbH., and B.H, 

only one here. The hydrides g P ion |0 form a sla |,|c complex ion.* 

diircr in dial only the irst , 5% ionic charac tci. giving the charge dis- 

Thc bonds in the ammonia molecule have O.o which is satis- 

•ribution N- ;•(.!*« M- ^^ cLuro^ativ/ty' a, hydrogen. and 
factory. Phosphorus, however, has c xac«> torrcS|>onds stab,I ity. and PH/ 

hence PH, has the charge cl.^- P ^ Ucausc of the large charge on the phos- 
has the charge distribution P * hydrides contain central atoms still 

phorus atom, corresponds «o • | ,ll > . |||rir com|>lcx cations MH,* would 

more electro, xmt.ve than Ity r ‘« • . , - this way explains the non-ex isle me 

analogous to the ammonium sal,, 

“a, mould. .....- 

compounds have Ixrn ma«lc. h •** P 1 P presumably stabilized by the formation 

most ..able of the p..ospl.on,u,n .ompounds, »lP£— » 

of partial covalent layd. tK-twccn hydrogen and .odme. 
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10—9. Deviations from the Octet Rule 

Sometimes heavy atoms form so many covalent bonds as to surround 
themselves with more than four electron pairs. Examples are 

: Cl: 

.. I 

phosphorus pentachloride, PCI* : Cl Cl: 

• • r •• 

/ \ 

: Cl: : Cl : 

•• •• 


sulfur hexafluoride, SF e 



iodine trichloride, IC1, 




: Cl: 
•• 


iodine pentafluoride, IF* 


iodine heptafluoride, IF, 


triiodide ion, I 3 - 


• • •• 

: F : : F : 

\ / .. 

: I —F : 

/ \ M 

: F : : F : 

•• .. 

F 

F^ I^F 

' 1 c 

F\ F 

F F 
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In some cases these represent only apparent, and not real, deviations 
from the octet rale. In PCI* for example, there .may be four covalent 
bonds and one ionic bond resonating among the five positions. 




Cl 

I 

Cl- -P 1 ci- 

/ \ 

Cl Cl 


Cl 

I 

Cl -p'- Cl 

/ 

Cl Cl- 


Clc. 


with the structure with five covalent 
bonds, provide U a C Sac.ory hybrid electronic structure for the molecule. 

The Oxygen Acids. It is customary to write .he following s.ni. ...res 
for the simpler oxygen acids:* 


: O—H 

I 

C. 

/ \ 

: O : O H 


carbonic acid 


: O-H 


N 

/ \ 


O 


: C) : 


nitric acid 


H sO H 

i I 

: O — Si OS 

’• I 

H O: H 


silicic acid 


■i.int (*iinI val. ncc-lM.nd structure**) in *«»» •» 

- It U x«od prar.i. .as closely as can .»• eonvenien.ly 

a a, ... ccpu-tuc- .he .. ' „ wrilc . O - H ca.hcr .ban 

do „e. The valcnce-bond .n„.c foe o,y S e„ » ahon. ' ° | 

S 

S _ ”, — H. 
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: O—H 

.. I .. 

: O — S — O : sulfuric acid 

” I I 

: O : H 
• • 

• • 

: O—H 

I .. 

: S — O : sulfurous acid 

I I 

: O : H 

etc. 

Structures of this sort for sulfuric acid and related substances were 
first written by Gilbert Newton Lewis; they arc sometimes called Lewis 
structures. In these structures the atoms all satisfy the octet rule. Some 
of the structures violate the elcctroneutrality principle, however. Thus 
for sulfuric acid the Lewis structure places the charge +2 on the sulfur 
atom, and the partial ionic character of the S—O bonds would increase 
this positive charge. The observed values of interatomic distances in 
sulfuric acid and related substances indicate strongly that double bonds 
are formed between the central atom and the oxygen atoms, with the 
sulfur atom exceeding the octet; for sulfuric acid the most satisfactory 
single electronic structure is 

: 6—H 

i 

: O = S — O : 

• • 

: 6 H 
• • 

in the study of descriptive chemistry it is a good practice to write 
electronic structures for all the new substances encountered, and to see 
whether they lit into the simple scheme with all atoms having noble-gas 
struct tires or whether they constitute exceptions. It is possible in this 
way to make considerable progress toward the systematization of the 
farts of chemistry and the understanding of chemical phenomena. 

10-10. V lie Development of the Electronic Theory of Valence 

During the first decade of the nineteenth century many investigators made use of the 
electric battery newly discovered by Volta to carry out studies of the phenomenon of 
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. « a li« It was observed that in the electrolysis of water 

electrolysis of solutions and u • oxvecn at the anode, and that in the electrolysis 

hydrogen is libeled at thecad,ode ^ (oxygen , 

of fused sails and base, Berzelius in .8.1 developed his 

chlorine) at the anode. On Thl5 invo i vcd the idea that in a salt the base 

r a :r T h°e teoT“-n C .o a ha C ve foreshadowed closely the present theory of ionic 
Va With the development of organic chemistry during the 

dualistic theory fell largely into isuse ma j n contain covalent bonds. The 

factorily to the ® " "Sloped. It was in 1852 that the statement was 

theory of the valence bon Enela^d) that atoms have a definite combining 

first made (by Edward Frankland 8 , . f ars j alcr (1858) Archi- 

power, which determines the^ormulas^o^a>inpo«c^ ^ ^ drcw lhc first structural 
bald S. Cooper* introduced the idea Germany showed that carbon is 

^^lls=s^s=sr »- - * 

V"v H v H 

IV \ / 'H ay a 
a. ,/ C \ c / N H 

A 


X 

H H 


'C' 

h" s h 


The idea that the four valence ^> nd5 ^^ c lhc Dulc h chemist J. H. van't Hoff 

of a regular tetrahedron was » dv *^ m F ^ h chcmisl j A. Le Bel (1847-1930) to 
(1852-1911) and 'ndependcntly by form5 ofsome organic compounds, 

explain the existence of right- lnnmcnt 0 f crystals (cnantiomorphistn) and in the 

which shows itself in the face of a transmitted beam of polarized 

power of solutions to rotate the p an I* ivi ty). This phenomenon had been dis- 

Tgh, either to the right or to ** *' K«SCu-«» ' 84 “' 

covered during an invcst.gat.on of tarur Thomson efforts were made to 

Soon after the discovery of the valence. The genera, ideas of electron 

develop a more detailed structural h , hil limc , but detailed electronic 

transfer and of electron shar.ng we d |)CCausc „f lack of knowledge of the 

structures could no. be assigned with con, . in(oim a.ion about atomic structures in 
number of electrons .n an n o( |hc dements by Moseley and the 

general. The determ.nat.on of the atom both in 1913, prov.ded the ba- 

developmen. of the quantum theory of h ,-- on 'was made in 1916 by Gilbert 
,is for further progress. A most ‘"M”™ f comp lc.ed shells of two and e.ght 

Newton Lewis, who pointed out the s.gn.ficancc 

I - »w Professor Crum Brown of Edinburgh 
• An interesting account of the scare m* Uf 331 (1934). 

for information about the Ide of Cooper u g.ven J 
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electrons and identified the covalent bond with a pair of electrons shared by two atoms 
and counting as part of the outer shell of each. 

After the discovery of the theory of quantum mechanics in 1925 a detailed quantita¬ 
tive theory of the covalent bond was developed. In recent years great progress has been 
made in understanding valence and chemical combination through the experimental 
investigations of the structure of molecules and crvstals and through theoretical studies. 
The theory of resonance was developed around 1930. 


Exercises 

10-1. Make a drawing of each of the noble gases, He, Ne, A, Kr, Xc, and Rn, show¬ 
ing by dots the proper numbers of electrons in the successive electron shells. 

10-2. Satisfy yourself that you understand the way in which the periodic system is 
built up, by using the table of electron shells for the noble gases (Table 10-1) 
to deduce the electronic structures of N (atomic number 7), A1 (13), K (19), 
Ni (28), Cu (29), Ba (56), Bi (83), Ra (88). Show these electronic structures in 
a table like that given in the text for the noble gases. 

10-3. The new synthetic elements neptunium (93), plutonium (94), americium (95), 
and curium (96) are all reported to form terposilive ions, as docs actinium (89). 
In what shells and subshells might the extra electrons that Np+ ++ , Pu +++ , 
Am M+ , and Cm* * * have in excess over those in Ac + '*' + be contained? 

10-4. The following values of ionic radii represent the relative sizes of the ions: F~, 
1.36 A; Na + , 0.95 A; Cl", 1.81 A; K*, 1.33 A. Why do the sizes of these ions 
vary- in this way? 

10-5. Assuming that the following compounds are ionic, give the electron-dot formula* 
for each ion, and put in parentheses the symbol of the noble gas with the same 
structure, or the total number of electrons if the structure is not a noble-gas 
structure: 

HF NaCI CaH, A 1,0, K,FcF« AUSi0 4 F, 

LiBr KMgF, MgO TiO, Na,S Be,Al^i t O„ 

10-6. Write electronic structures for the following polyatomic ions, indicating all 
electrons in the outer shell; assume that the various atoms of the ion arc held 
together by covalent bonds: 

Or" (peroxide ion) 

•S,~ “ (trisulfidc ion) 

NO, + (nitronium ion) 

BH«” (borohydridr ion) 

Nili* (ammonium ion) 

N(C :| I ,),* (tctramclliyl ammonium ion) 

l or each of these ions, what rorrrs|>onding neutral molecule has the same clcc- 
tionic structure? (F.xumplc: IIS” lues the same electronic structure as HC1.) 
Wiitc electronic structures for the molecules NH, and BF,. These molecules 
combine to form the addition compound H»NBF,. What is the electronic struc¬ 
ture of this compound? What similarity is there in the electronic rearrangements 
in the following chemical reactions? 
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10 - 8 . 

10-9. 

10 - 10 . 

10 - 11 . 

10 - 12 . 

10-13. 

10-14. 


NH, + H* —NH 4 + 

NHj + BF, —»- H»NBFj 

Assuming covalent bonds, write electronic structures for the molecules or tons 

C.F, BrFi, Ag(NHi)i' , 1 HCN, Ag(CN)r. SiCU BC>„ HgCl : . In which of these 

cases are there atoms with electron configurations that arc not noblc-gas con- 
figurations? 

Can you Suggest some methods for distinguishing between substances which 
con lain bonds that arc almost purely ionic and subs.an.es tn winch the bonds 
arc largely covalent? 

Write the electronic structures of silicon hydrtde fSiHu silicane^ phosphine 
(PH,), hvdrogen sulfide <H,S). and hydrogen chlor.de (HCI), ft* jojhe 
electronegativity scale at.d suggest a reason for rev.stng the pus,..on of hydrogen 
in the formula of ammonia. NH,. 

Why is there no hydride of aluminum with formula AIH,? Suggest an elec¬ 
tronic structure for sodium borohydride. NaBH., and for sod,urn alum.no- 
hydride, NaAIH.. Write the equations for the ehem.eal rract.ons you would 
expect these substances to undergo with water. 

Write all the resonating electronic structures you tan think of for NO,-, NOf, 
CO, SCO (carbon oxysulfide), N» (a/idc ion). 

How does the difference in the electronic structures of diamond and graphite 
manifest itself in the physical properties of these substances. 

From the electronegativity scale, which of the foil.. subsume, ..Id you 

expect to be especially stable and which espcc.ally unstable 


Calcium fluoride, CaF, 
Aluminum oxide, AIjO, 
Phosphine, PH, 

Titanium dioxide, TiO, 
Nitrogen trichloride, NCI, 
Selenium diiodidc, Scl, 


Carbon tetraiodide, C*I« 
Sodium iodide, Nal 
Chlorine fluoride, C1F 
Titanium tetrafluoride, TiF, 
Hydrogen iodide, HI 
Cesium fluoride, CsF 



Chapter n 


Oxidation-Reduction 

Reactions 


There arc many different kinds of chemical reactions. Sometimes it is 
possible to classify a chemical reaction by use of suitable words. The 
reaction of hydrogen and oxygen with one another to form water may 
be described as the combination of these elements to form the compound, 
or their direct union. The reaction of mercuric oxide when it is heated to 
form mercury and oxygen may be called the decomposition of this sub¬ 
stance. Chlorine reacts with a compound such as methane, CH 4 , in the 
sunlight or in the presence of catalysts to produce hydrogen chloride and 
methyl chloride, CH 3 CI: 

CH 4 + Cl- —CHjCl + HC1 

This reaction is usually described as the substitution of chlorine for 
hydrogen in methane. The substitution reaction will continue, if enough 
chlorine is present, until all of the hydrogen in the molecule has been 
replaced by chlorine: 

CH 3 CI + Cl* —CH 2 C1* 4- HC1 
CH,C1* + Cl* —^ CHCb + HCI 
CHC1, 4- Cl 2 —CCI 4 4- HCI 

(CHoClj is the compound methylene chloride, CHCU is chloroform, and 
CC1 4 is carbon tetrachloride; these substances arc useful solvents.) 

Although different kinds of chemical reactions are thus easily recog¬ 
nized, it has not been found very useful in general to attempt to classify 
reactions in a rigorous way. Nevertheless, there is one very important 
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[§ 77-7] Oxidation and Reduction 
class of chemical reactions that deserves special study. These reactions 
are oxidation-reduction reactions , to which we now turn our attention. 

11-1. Oxidation and Reduction 

The Generalized Usage of the Word “Oxidation.” When charcoal 
burns in air it forms the gases carbon monoxide and carbon dioxide. 


2C + 0 2 - 
2CO + O, 


2CO 

2COj 


When hydrogen burns in air it forms water: 

2H 2 + O, —*- 2H,0 

Iron, when red hot. burns in oxygen to form iron oxide, and il also 
reacts slowly with air (“rusts”) under ord.nary conditions: 

4Fe + 30, — 2 Fc,Oj 

This process of combining with oxygen was named oxidation many years 

38 It was then recognized by chemists that combination with a non- 
mctallic element other than oxygen closely resembles combination with 
oxygen. Carbon burns in fluorine more vigorously than in oxygen. 

C + 2F, —CF« 

Hydrogen burns in fluorine and in . Iiloruie: 

II, + F, —► 21 IF 
H, + Cl, 2HC1 

Iron burns in fluorine, and when heated combines readily w„l, chlorine 

and also with sulfur: 

2Fc + 3F* —► 2FcF, 

2Fc + 3CU —► 2FcCla 

Bcc^tf S uT^L.y of these 10 bC ** 

scribed as involving a generalized sort of oxidation. 

... J Cl ,rnn Transfer In accordance with this usage, we 

^i xKliuniis oxidized to sodium ion when i, burns in 

chlorine: 

2Na + t:i- — *- 


2NiiH:l“ 
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Here we have written sodium chloride as Na + Cl~ to show that it con¬ 
sists of ions. The oxidation of the metallic sodium is the process of removing an 
electron from each sodium atom: 

Na Na + + 

Reduction. The reverse process to that of oxidation is called reduc¬ 
tion. (The word comes from the usage “The ore [such as Fe 2 0 3 ] is 
reduced to the metal.”) The reduction of sodium ion to metallic sodium 
is not an easy process. It was first achieved by Davy, by electrolysis 
(Chap. 9). 


As chlorine molecules divide 

they absorb electrons from 


, - sodium atoms with which they 

-?' /•* : combine forming sodium ions and 

;•J \chlorine ions which condense 

-**•. as a crystal of salt. 

Chlorine / '.5^ 

,. 

: ).:/(■ ■' ■■■{. '-f J* 

‘. ..‘ ♦ > t*'“ •*.•• s’ •• 

• ' -• y • \ 
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AActallic sodium 


5odium chloride 


FIG. 11-1 The reaction of sodium and chlorine to form sodium chloride. 


In the electrolysis of molten sodium chloride (Chap. 9) there occurs 
at the cathode the reaction 

Na» + *r- —Na 

This reaction is the reduction of sodium ion to metallic sodium by the 
addition of an electron from the cathode. The reaction is an example 
of cathodic reduction. 


The Electronic Definitions of Oxidation and Reduction. From these 
examples we see the justification for the modern usage of the words 
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“oxidation” and “reduction”: Oxidation is the removal of electrons 
from an atom or group of atoms. Reduction is the addition of elec¬ 
trons to an atom or group of atoms. 

Professor E. C. Franklin of Stanford University made use of the terms 
de-electronation in place of “oxidation” and electronation in place of “reduc¬ 
tion.” It is useful to remember the following statements: Oxidation is 
de-electronation. Reduction is electronation. 

When molten sodium chloride is decomposed by electrolysis, free 
chlorine is formed at the anode; the liberated electrons move into the 
anode: 


2C1” —Cl* + 2e~ 

This is an example of anodic oxidation. 

The reactions which involve the liberation or capture of electrons at 
electrodes arc called electrode reactions or electron reactions. 

Oxidation and reduction reactions can take place either at electrodes, 
which supply electrons and take up electrons, or by direct contact of 
atoms or molecules, with direct transfer of electrons. Thus, when sodium 
burns in chlorine the sodium atoms transfer their electrons directly to 
the chlorine atoms, at the time that a molecule of chlorine strikes the 
surface of the metal (Fig. 11-1): 



2Na + Cl, —2Na+CI 


A similar transfer of electrons takes place when iron burns in fluorine: 



The Simultaneous Occurrence of Oxidation and Reducuon. Ox,da- 

tion or reduction of a substance could be carried out without simultane¬ 
ous reduction or oxidation of another substance ,f one had at hand . 
very large electric condenser from which to remove electrons or m 
whTch to store them. Ordinarily such an electron reservoir ,s no. avail¬ 
able; even the very largest electric condenser charged to its 'naximun, 
potential holds so few electrons that only a very small amount of chem- 
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ical reaction can be produced by it. There accordingly occur equivalent 
processes of oxidation and reduction in every oxidation-reduction reaction. 

Oxidizing Agents and Reducing Agents. An atom, molecule, or ion 
which takes up electrons is called an oxidizing agent , and one which lib¬ 
erates electrons is called a reducing agent. 

For example, in the reaction 

2Fe + 3F 2 —2Fe +++ (F-), 

iron is the reducing agent and fluorine is the oxidizing agent. 

We note that every electron reaction involves an oxidizing agent and a reducing 
agent , which are closely related to one another. Thus the reaction 

Na —Na + + e~ 

as written represents the oxidation (de-elcctronation) of metallic so¬ 
dium, which is the reducing agent. But this reaction can be made to go 
the other way, in an electrolytic cell: 

Na + + e~ —Na 

Here the oxidizing agent Na + is being reduced by the cathode. Metallic 
sodium and sodium ion arc called an oxidation-reduction pair or oxidation- 
reduction couple, and their interconvcrsion by an electron reaction can 
be expressed by one equation, with a double arrow: 

Na Na* 4 r 

The direction in which this reaction actually proceeds in any system de¬ 
pends upon the nature of the system. 

An example of the reversal of an electron reaction involving an oxi¬ 
dation-reduction pair is the following. The electrode equation for the 
bromine bromide-ion pair is 

lir 2 + 2e~ ^ 2Br 

Here bromine is the oxidizing agent and bromide ion is the reducing 
agent. Bromine is a strong enough oxidizing agent to liberate iodine 
from iodide ion: 

Br-.. 


Br, + 21 - —- 



2Br- + I* 


[§ 77-2) Oxidation Numbers oj Atoms 
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However, chlorine is a still stronger ox.dtz.ng agent (that .s, it has a 
stronger affinity for electrons-greater electronegat.v.ty), and .t >s able 
to liberate bromine from bromide ion : 


Cl* + 



2Br" 


Cl 2 + 2Br- —2C1- + Br t 

Thus in these two oxidation-reduction reactions the bromine-bromide- 
ion electron reaction proceeds first in one direction and then in the other. 

The conditions determining the direct.on in which an electron reac¬ 
tion proceeds are discussed later in this chapter and also m Chapter 3.. 
The oxidation-reduction pairs can be arranged in a series, with increas¬ 
ing strength of the oxidizing agent and decreasing strength of t h errduc- 
ing agent. Reactions then tend to proceed in such direction ha the 
stronger oxidizing agent oxidizes the stronger reducing agent, torre- 

spending to the weaker oxidizing agent. 

Thus as oxidizing agents the halogens l.c in the order 

Ft > Clj > Br a > U 

and as reducing agents their ions lie in the reverse order: 

I- > Br- > Cl" > F" u . 

The non-metallic elements are strong oxidizing agents, and the m. ta s 
arc strong reducing agents. 


11-2. Oxidation Numbers of Atoms 


i-,-:-"— si-—.—— 

the concept of oxidation number , f p res ,nls Uu electric 

The oxidation number of anatom » a number^ ° ^ ^ ^ 

charge that the atom would have■./ 0* ^ ^ ^ 5omowhat 

to the atoms ,n a certain way. h ^ il ^ ccausc it permits a simple statc- 

:fm“tr;f‘a %£«**** -f *--*"« for oxida - 

tion-rcduction reactions. 





250 Oxidation-Reduction Reactions [Chap. 11] 

An oxidation number may be assigned to each atom in a substance 
by the application of simple rales. These rales are, however, not com¬ 
pletely unambiguous; although their application is usually a straight¬ 
forward procedure, it sometimes requires considerable chemical insight 
and knowledge of molecular structure. The rules are given in the fol- 
lowing sentences: 

1. The oxidation number of a monatomic ion in an ionic substance is equal 
to its electric charge. 

2. The oxidation number of atoms in an elementary substance is zero. 

3. In a covalent compound of known structure , the oxidation number of each 
atom is the charge remaining on the atom when each shared electron pair 
is assigned completely to the more electronegative of the two atoms sharing 
it. A pair shared by two atoms of the same element is split between them. 

4. The oxidation number of an element in a compound of uncertain structure 
may be calculated from a reasonable assignment of oxidation numbers to 
the other elements in the compound. 


The application of the first three rules is illustrated by the following 
examples; the number by each atom is its oxidation number. 


Na +l Q - 1 Mg + *(Cl" l )a 

H,° O , 0 

H +l (hydrogen ion) 


(A1+*), (O-’), 

C° (diamond or graphite) 
N" 3 (H +, )» 


: 6 : ”* H +1 (hydroxide ion) 
• • 


+i -i 
• • •• 

Cl: F : 


I +3 (Cl" 1 )* I + 4 (F" 1 )* 


I + 7 (F _1 ) 7 C-HH +1 ) 4 Os+HF" 1 ), 

C^O-*), C + 2 0 -2 K + *Mn + 7 (0 - l ) 4 

Fluorine, the most electronegative element, has the oxidation num¬ 
ber — 1 in all of. its compounds with other elements. Often the other 
halogens also have this oxidation number; exceptions are compounds 
with more electronegative halogens [Cl +1 F" 1 , I +3 (Cl -1 )*, etc. ] or oxygen 
(C1 2 + 1 0 -2 ). 

Oxygen is second only to fluorine in electronegativity, and in com¬ 
pounds it usually has oxidation number —2; examples are Ca +2 O -2 , 
(Fe +3 ) 2 (0 - 2 )a,Ti + < (0 -2 ) 2 , C+< (0" 2 ) 2 , (Mn+ 7 ), (0" 2 ) 7 , (K+») a Cr+« (0 -2 ) 4 . 
Exceptions are 0 + 2 (F" x ) s and the peroxides, which are discussed in the 
section following the next one. 
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Hydrogen when bonded to a non-metal has oxidation number +1, 
as in (H + ')i 0~\ (H +I )i S"*, N _S (H +I )j, (P-*)>(H+«)«. In compounds with 
metals, such as Li +1 H -1 , Ca +J (H-')j, etc., its oxidation number is -1, 
corresponding to the electronic structure H :for a negative hydrogen 
ion with completed K shell (helium structure). On electrolysis of a fused 
alkali hydride, hydrogen is liberated at the anode according to the 
reaction 

2H- —>- H-i f + 2e~ 


11-3. How to Balance Equations for Oxidation-Reduction 
Reactions 

The first step in writing the equation for an oxidation-reduction reac¬ 
tion is the same as for any other chemical reaction : make sure that you know 
what the reactants are and what the product, are. The chemist finds what the 
reactants and products arc by studying the reaction as it occurs in the 
laboratory or in nature, or by reading in journals or books to find out 
what other chemists have discovered about the reaction. Sometimes, of 
course, a knowledge of chemical theory permits a safe prediction about 

the nature of the reaction to be made. 

The next step is to balance the equation for the reaction. In balancing 
the equation for an oxidation-reduction reaction it is usually wise to 
write the electron reactions separately (as they would occur in an elec¬ 
trolytic cell) and then to add them so as to cancel out the electrons^ 
For example, ferric ion, Fe^, oxidizes stannous ion Sn to stannic 
ion, Sn ++ + (that is, from the bipositivc to the quadr,positive state). 

The two electron reactions arc 


and 


Fc + + + + 
Sn+ + —* 


Fc ++ 


Sn 


I 1+4 


+ 2S 


(Note that there is conservation of electric charge as well as conservation 

of atoms in each reaction.) Before adding these ^^c^cond 
be multiplied by 2, to use up the .wo Herons g.ven by the second. 


2Fe* " + 2r" —2Fc' ' 
.S„" —*-Sn"" +2e 


2Fc' ' 1 + Sn 1 1 —21‘e" + Sn" " 

The process of balancing a more complicated equation is illustrated 
by the following example. 
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Example. The oxidizing agent permanganate ion, MnOr, on reduction m acid 
solution forms manganous ion, Mn++ Ferrous ion, Fe~, can accomplish this reduction 
Write the equation for the reaction between permanganate ion and ferrous ion in acid 

rolution. . . , _ 

Solution. The oxidation number of manganese in permanganate ion is -f/, 
(Mn+ ; (0-’)4]-. That of manganous ion is +2. Hence five electrons are involved 
in the reduction of permanganate ion. The electron reaction is 
[Mn* J (0-*)«r + 5*- + other reactants —♦- Mn++ + other products (11-la) 

In reactions in aqueous solution water, hydrogen ion, and hydroxide ion may 
come into action as reactants or products. For example, in an acid solution hydro¬ 
gen ion may be cither a reactant or a product, and water may also be cither a 
reactant or a product in the same reaction. In acid solutions hydroxide ion exists 
only in extremely low concentration, and would hardly be expected to enter into 
the reaction. Hence water and hydrogen ion may enter into the reaction now 
under consideration. 

Reaction la is not balanced electrically; there arc six negative charges on the 
left side and two positive charges on the right side. The only other ion which can 
enter into the reaction is hydrogen ion, and the number needed to give conservauon 
of electric charge is 8. Thus we obtain 

MnO r + Sc” + 8H* —Mn** + other products (11-lb) 


Oxygen and hydrogen occur here on the left side and not the right side of the reac¬ 
tion ; conservation of atoms is satisfied if 4H,0 is written in as the "other products’ : 

MnOr + Sr- + 8H+ —Mn t+ + 4H,0 O 1 ’ 1 ) 


Wc check this equation on three points—/>ro/»rr change in oxidation number (5 elec¬ 
trons used, with change of -5 in oxidation number of manganese, from Mn ’ to 
Mn”), eonservation of electric charge (from -1 -5 +8 to +2), and conservation of 
atom*— and convince ourselves that it is correct. 

The electron reaction for the oxidation of ferrous ion is now written: 


le*‘ —►- Fc*” +e- 


( 11 - 2 ) 


This equation checks on ail three points. 

The equation for the oxidation-reduction reaction is obtained by combining the 
two electron reactions in such a way that the electrons liberated in one arc used 
in the other. Wc see that this is achieved by multiplying Equation 2 by 5 and 
adding it to Equation 1: 


5IY” —>- 5IV+* + 5c- 

MnOr + 5 r + 8H 4 —»• Mi» H + •*» W _ 

MnOT + Sic” + HH* —Nln” + 5Fc”* + 4H*> 


(11-3) 


It is go«xl practice to check this final equation also «»n all three points, to be sure 
that no mistake has been n*ade: 

1. Change in oxidation number: Mn* : to Mn”, change —5; 5Fc” to 51 c , 
change +5. 

2. Conservation of electric charge: left side, -1 +10 +8 =+17; right side, 

+ 2 +15 = +17. 

3. Conservation of atoms: left side. 1 Mn. 40. 51c. 8H; right side, 1 Mn, 5Fc, 40, 8H. 
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I, U no. always necessary to carry through .hi, enure precede Sometime, an 
equation is so simple Ota. i. can be written a. once and vended by mspecuon. An ex¬ 
ample is the reduction of silver ion, Ag+, by metallic zinc. 

Zn + 2Ag* —<- 2Ag ] + Zn*+ 

Sometimes, too, the condition, determine the reaction, as when a single substance 
decomposes. Thus ammonium nitrite decompose, to g.vr water and mtrogen. 

NH*NOi —*- N s + 2HjO 

Here N« (of NOr) oxidize, N- (of NH.*), both going to N° (of Ns). 


11-4. Stoichiometric Calculations 


Calculations of weight relations in oxidation-reduction ions are 

made in the same way as for other reaettons. (arc must be taken to 
check the relative numbers of atoms, ions, or molecules wh.ch react or 
arc formed, and to use the proper atomic and molecular wetghts. 

iron convened to ferrous ion, would 

r—;«t. ,0 , or ™„o.. * - 

solution? , hal 5 atoms of iron, converted into 

IVrrous'ion, would, in acid solution, reduce the permanganate ion 

in 1 formula of KMnO«. We wnte 
5Fc equivalent to lKMnO* 

. 5 X 55 85 , hc am ount of iron is obtained by mul- 

manganatc is ^ Q 3 

tip , yi „ g this ratio by 10 g, the amount of potassium permanganate: 

5 X 55.85 X 10 g = 17 , 67 g 
158.03 

capacty or rcJuang ca/'aay ' ® jn i( , rodu r.ion or oxidation, 

equal to the number of balanced when the amounts of oxt- 

An oxidation-redurtton as r ,, icl mg have the same 

dizing agent and reducing ag< nt mdteat 

“E Nation equivalent or return eqrnralen, of a substance is the amount 
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which takes up or gives up one electron (one mole of electrons). Thus the 
gram equivalent weight (equivalent weight expressed in grams) of potas¬ 
sium permanganate as an oxidizing agent in acid solution (see Equa¬ 
tion 1) is one-fifth of the gram formula weight, whereas the gram equiv¬ 
alent weight of ferrous ion as a reducing agent is just the gram atomic 
weight. 

Equivalent weights of oxidizing agents and reducing agents react exactly with 
one another , since they involve the taking up or giving up of the same 
number of electrons. 

Normal Solutions of Oxidizing and Reducing Agents. A solution of 
an oxidizing agent or reducing agent containing 7 gram equivalent weight per 
liter of solution is called a 7 normal (1 N) solution. In general the normality of 
the solution is the number of gram equivalent weights of the oxidizing 
or reducing agent present per liter. 

It is seen from the definition that equal volumes of an oxidizing solu¬ 
tion and a reducing solution of the same normality react exactly with 
each other. 

Example 2. What is the normality, for use as an oxidizing agent in 
acid solution, of a permanganate solution made by dissolving one-tenth 
of a gram formula weight of KMnOi (1/10 X 158.03 g) in water and 
diluting to a volume of 1 1? 

Answer. The reduction of permanganate ion in acid solution in¬ 
volves 5 electrons (Equation 1). Hence 1 gram molecular weight 
is 5 equivalents. The solution is accordingly 0.5 N. 

It is necessary to take care that the conditions of the use of a 
reagent are known in stating its normality. Thus permanganate ion 
is sometimes used as an oxidizing agent in neutral or basic solution, 
in which it is reduced by only three steps, to manganese dioxide, 
MnOj, in which manganese has oxidation number 4. The above 
solution would have normality 0.3 for this use. 


11-5. The Electromotive-Force Scries of the Elements 

It is found that if a piece of one metal is put into a solution containing 
ions of another metallic element the first metal may dissolve, with the 
deposition of the second metal from its ions. Thus a strip of zinc placed 
in a solution of a copper salt causes a layer of metallic copper to deposit 
on the zinc, as the zinc goes into solution: 
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Zn —Zn ++ + 2*" 

Cu++ ’+ 2<r —Cu| 

Zn + CU++ —*- Zn" + 

On the other hand, a strip of copper placed in a solution of a zinc 
salt does not cause metallic zinc to deposit.* 

TABLE 11-1 The Electromotive-Force Series of the Elements 



Cu + Zn' 


. Cu** + Zn l 

. _ a certain very small concentration of copper 

TEST?— .o a *“*''*' i0 " * h ' "* C - 


tion 


Zn + Cu** — Zn** + Cu 1 

— .. 'll takc place almost to completion, slopping when 

the reverse of the preceding reac * ,on ' , ma ||. The principles of thermodynamics 

the concentration of copper ion has bcco ^ (!u »* and Zn** in equilibrium with 

require that the ratio of concentrations o equilibrium is approached from the 

-lid copper and solid zinc «. the -^^01 'W replaces copper from elution” 
Cu, Zn- aide or .hr Zn, Cu rlc . lon co „cen.ra.ion .o zinoion conccn.ra.,on u 

means that at equilibrium the ra d fail in Chapter 32. 

small. Thu matter will be discussed in greater 
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By experiments of this sort, the metallic elements can be arranged in 
a table showing their ability to reduce ions of other metals. This table 
is given as Table 11-1. The metal with the greatest reducing power is 
at the head of the list. It is able to reduce the ions of all the other metals. 


Zinc electrode 


Solution 
containin 
1 mole OS' 
per liter/ 


Solution 
contamin< 
1 mole Zn 
per liter 


Voltmeter 


FIG. 11-2 A (rll involving the Z n 'Z n ** electrode and the Cu,Cu'*~*‘ elec¬ 
trode. 


This series is called the electromotive-force series because the tendency 
of one metal to reduce ions of another can be measured by setting up 
an electric cell and measuring the voltage which it produces. (“Electro¬ 
motive force” is here a synonym for “voltage.**) It is conventional to 


Dilute 

Zn~so; 


Crystals of CuS0 4 SH a O 


V he gravity cell 
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u ion oresent at a carefully specified concentration (ap- 

Chapter 32). Thus the cel. shown ,n 

Figure 11-2 would be used to measure the voltage between the elee- 

trodes at which occur the electrode react.ons 

Zn —f Zn ++ + 2e" 

and 

Cu ++ + 2e~ —*- Cu \ 

ZTn is called the gravity cell when made as shown .n F,g. "-3.) 



F , c. ,1 - 4 ,1 "U -W riH «*' C- hrJ ’"*' n ' M 

• . in the EM.F. scri -s is the hydrogen 

- * 1 ... 

elements arc included in the^tabU ^ m;iny olhc r oxidation- 

The table can be extend gjvc „ in Chapter 32, in which its 

reduction pairs. An extended table g 

use is discussed. 
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11-6. An Example: The Reactions of Hydrogen Peroxide 

Preparation, Properties, and Structure of Hydrogen Peroxide. 
When sodium is burned in oxygen it forms the compound Na 2 0 2 , called 
sodium peroxide: 

2Na + 0 2 —>- Na 2 0 2 

When barium oxide, Ba^+O , is heated to a dull red heat in a stream 
of air it adds oxygen to form a similar compound, Ba0 2> barium peroxide: 

2BaO + 0 2 —►- 2BaO s 

Each of these salts contains the peroxide ion , 0 2 —. This ion has the 
electronic structure 


There is a single covalent bond between the two oxygen atoms. The 
oxidation number of oxygen in the peroxide ion and in peroxides is — 1. 
These substances represent an intermediate oxidation state between free 
oxygen (O 0 in 0 2 ) and oxides (O—). 

The electrolysis of a peroxide solution leads to the liberation of one 
mole of oxygen at the anode by twice Avogadro’s number of electrons, 
the anode reaction being 

0 2 —*- 0 2 + 2e~ 



Care must be taken to distinguish between peroxides, which contain 
two oxygen atoms with a single covalent bond between them, and 


dioxides. Thus Ba0 2 is a peroxide, containing Ba 4- * - and £ : O — O : J , 

and Ti0 2 is a dioxide, containing Ti +4 and two oxygen ions, £ : O : J . 

Hydrogen peroxide, H 2 0 2 , is made by treating sodium peroxide or barium 
peroxide with sulfuric acid or phosphoric acid, and distilling: 


Na 2 0 2 + H 2 S0 4 —Na 2 SO« + H 2 0 2 
Ba0 2 + H 2 S0 4 —*- BaSQ 4 + H 5 0 2 


Pure hydrogen peroxide is a colorless, syrupy liquid, with density 
1.47 g/cm 3 , melting point —1.7° C, and boiling point 151° C. It is a very 
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strong oxidizing agent, which spontaneously oxidizes organic substances. 
Its uses are in the main determined by its oxidizing power. 

Commercial hydrogen peroxide is an aqueous solution sometimes 
containing a small amount of a stabilizer, such as phosphate ion to 
decrease its rate of decomposition to water and oxygen by the reaction 

2H,0- —► 2HjO + O, 

Drug-store hydrogen peroxide is a 3% solution (containing 3 g of HA 
per ?00 g), for medical use as an antiseptic, or a 6 % solution, for bleach¬ 
ing hair S A 30% solution and, in recent years, an 85% solution are used 

in chemical industries. ' . 

The structure of the hydrogen peroxide molecule is 

H H 


: O —O : 

Hydrogen Peroxide as an Oxidizing Agent. When hydrogen perox- 
reaction is 

H-Oj + 2H* + 2e- —- 2H;() 

The over-all reaction for the oxidation of ferrous ion is 

H,0. + 2H* + 2Fe*' — 2IM> + 2Fe" ' 

white: 

PbS + 4H.O- —- + 4l,: ° 

while lead (a hyclmxKlc-< arln.nalt l« I 

a hydrogen-peroxide wash. 

.l- Wc H - *.— - *- * .. .. . " ^ COPL ‘° Jr ’ 

but is twisted through it W; hum the cud it h-s the appr-runcc H " 
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Hydrogen Peroxide as a Reducing Agent. Hydrogen peroxide can 

also serve as a reducing agent, with increase in oxidation number of 
oxygen from — 1 to 0, and the liberation of molecular oxygen. 

This activity is shown, for example, by the decolorizing of acidic 
permanganate solution by hydrogen peroxide. The electron reactions are 

H 2 0 , q 2 + 2H+ + 2e~ 

MnOr + 5r- + 8H + —Mn++ + 4H 2 0 

or, with the proper factors to balance the electrons, 

5H ? 0= —50 2 4- 10H + 4- 10*" 

2MnO,~ + 10*~ + 16H+ —»• 2Mn^ 4- 8H 2 Q _ 

2MnOr + 5H 2 0 2 -|- 6H + —► 2Mn^ 4- 50 a f + 8H t O 

Hydrogen peroxide also reduces permanganate ion in basic solution, 
forming a precipitate of Mn0 2 , manganese dioxide: 

H 2 0 2 + 20H- —0 2 4- 2H 2 0 + 2e~ 

MnOr + 3e~ 4- 2H 2 0 —MnO, \ + 40H“ 
or 

3H 2 0 2 4- 60H“ —30 2 4- 6H 2 0 + 6e~ 

2 MnOr 4- 6e~ 4- 4H 2 Q —2MnQ 2 1 -f 8QH“ _ 

2MnOr 4 3H 2 Oj —2Mn0 2 | 4- 30 2 f 4- 2H 2 0 4- 20H“ 

Thc Auto-Oxidation of Hydrogen Peroxide. When hydrogen perox¬ 
ide decomposes, by the reaction 

2H 2 0. —2H 2 0 4- O a 

it is carrying on an auto-oxidation-reduction process (usually called auto- 
oxida/ion) . in which the substance acts simultaneously as an oxidizing 
agent and as a reducing agent; half of the oxygen atoms are reduced 
to 0“", and the other half arc oxidized to O 0 . 

It is interesting that this process occurs only extremely slowly in pure 
hydrogen peroxide and its pure aqueous solutions. It is accelerated by 
catalysts, such as dust particles and active spots on ordinary solid sur¬ 
faces. The stabilizers which are added to hydrogen peroxide inactivate 

these catalysts. 

* 

The most effective catalysts for the decomposition of hydrogen perox¬ 
ides are certain complex organic substances, with molecular weights of 
100.000 or more, which occur in the cells of plants and animals. These 
substances, which are called catalases (a special kind of enzyme ), have 
the specific job in the organism of causing the decomposition of peroxides. 


(| 11-6) An Example The Reactions of Hydrogen Peroxide 261 

The Peroxy Acids. Acids containing a peroxide group arc called 
peroxy acids. Examples are 


peroxysulfuric acid, H 2 SO s 


H 

H : O 

I 1 .. .. 

: O —S —O —O : 

- I ~ ” 

: O : 

• • 

H 


H 


: O 


: O 


pcroxydisulfuric acid, H 2 S : 0$ 


: O— S —O — 6 — S O : 

.. ,••••! 

: O: : 9 : 

• • 

1 /-fntratrd (50%) sulfuric acid is electrolyzed 

- - - 

anode: 

Cathode reaction: 2H++Je-^H»t 2H+ + ^ 

Anode reaction: 2 HiS0 4 —* 0,02 • 

This solution when heated forms peroxysulfuric acid: 

HAO. + H,0 — H»SO» + HiSO< 

„d „hc„ h„.d «■ U+" >™p'"“ re “ h ’' dro|I “ P "”‘* 
which can be separated by distillation. 

HjSO t + HjO H,0, + HiSOs 

This method „ - ’SKATES 

.cid, HCIO.. i. o.t • Pe™., —• 

1 rl,« of substances is the tufieraxidn, win* l» 
The Superoxide.. Another exceptional ^ number - to- The *u,irn»xi«le 

contain the ion (0,1'. in which oxygen i<lc ion, 10,1 . and molecul... 

i„n is intermediate in ox.dat.on state l>rl» I 
oxygen, O,. Its electronic structure .s 


[■ 6 - 9 .] - 
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Potassium superoxide, KO,, is a paramagnetic yellow crystalline substance formed 
when potassium is burned in oxygen. It is a convenient source of gaseous oxygen; three- 
fourths of its oxygen is liberated (by auto-oxidation-reduction) when the salt is exposed 
to water or carbon dioxide: 

4KO, + 2HjO —>- 4KOH 4- 30, 

4KO, + 2CO« —2K-CO, + 30, 

Rubidium and cesium also form supcroxidcs. 


Exercises 


11-1. Give three examples of oxidation-reduction reactions in everyday life. In each 
case designate the oxidizing agent and the reducing agent. 

11-2. Define an oxidation-reduction pair, and write an electron equation in illus¬ 
tration. 


11-3. Assign oxidation numbers to elements in the following compounds: 


Cuprous oxide, Cu,0 
Cupric oxide, CuO 
Barium peroxide, BaO, 

Potassium superoxide, KO, 
Potassium chloroplalinate, K : PtCU 
Potassium chloroplatinite, K,PtCI« 
Phosphorus. P« 

Permanganate ion, MnO«" 
Peroxysulfatc ion, SO, 

Potassium chromate, K,CrO« 
Potassium chlorochromatc, KCrO,CI 
Borax, Na,B.O ; - 10H-O 
Silica, SiO, 

Nitrous oxide, N,0 


Bleaching powder, CaClOCl 
Sodium hydride, NaH 
Ammonia, NH, 

Nitric acid, HNO« 

Lead sulfide, PbS 
Pyritc, FeS, 

Copper iron sulfide, CuFcS, 
Calomel, Hg,Cl, 

Silver subfluoridc, Ag,F 
Potassium dichromate, K,Cr,0; 
Aurous chloride, AuCI 
Auric chloride, AuCl, 

Nitrous acid, HNO, 
Ammonium nitrite, NH 4 NO, 


11-4. What is the oxidation number of carbon in CH«, C,H* (ethane), C,H« (ethyl¬ 
ene), C?H, (acetylene), C (diamond)? How many covalent bonds docs each 
carbon atom form in these substances? 


11-5. Complete and balance the following equations: 

MnOj 4- HCI —►- MnClj 4- Cl, 

Cl, 4- I" —*- I; + Cl- 
F, + HjO —*- F" + O, 

Sn 4- U —>- Snl« 

P« 4- OH - —H,POr 4- PH, 

KCIO, —>- KCIO. 4- KC1 
S-O, 4- I- — s«o* + I - 

Fc*+ 4- Cr-Or- —4- Cf++ (in acid solution) 
CIO, 4- OH- —>- CIO," 4- CIO," 

Co(NH,)*** 4- H* —►- Co(NH,)«* ++ 4- H, 

ClOr 4- Sn- —*- Cl" 4- Sn—' 


Exercises 
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IO»- + cu —IO.- + Cl- 
S,CV - + Cc+++ —*- SO,- “ + Cc- 
Cr 2 0 : -- + C,H, + H’ —>- CO, + H,0 + Cr“* 

1W. Write equations for the electrochemical production of 

(a) perchlorate ion. CIO, - , from chlorate ion, ClOr 

(b) permanganate ion. MnO. - , from manganate ion, MnO. 

(c) magnesium from molten magnesium chloride 

(d) ferric ion from ferrous ion 

(e) dichromatc ion, CrjO, , from chromic ion, Cr 

State in each case whether the reaction occurs at the anode or at the cathode. 

11-7 Calculate the amount of ferrous ammonium sulfate, (NH«),Fe(S0.),-6H,0. 
required to make 1 I of 0.1 N solution, for use as a reducing agent. 

11.8 1, was found that 29.00 ml of a solution of potassium permanganate was re¬ 

quired to oxidize 25 00 ml of 0.1 .V ferrous solution, m the presence of acid. 
What is the normality of the permanganate solution? How many grams of 
KMnOi does it contain per liter? How many ml of 0.1 A stannous-ion solution 
would 29.00 ml of this permanganate solution oxidize? 

11-9. A sample of commercial hydrogen peroxide weighing 5.00 g was found to 
require 78.3 ml of 0.1030 N permanganate soluuon for oxidation in the presence 
of acid. What was the strength of the hydrogen-peroxide solution, in weight 

percentage? 

, . n 970? p was dissolved, and the iron was con- 

1M0 - verud'into*femsu^ion in solution in dilute sulfuric^ ^ 

23.20 ml of 0.0971 N permanganate solution for its oxidation. What *as 

percentage of iron in the ore? 

11-11. What weigh, of 3.00% hydrogen-peroxide solutmn would be required to oxidize 
1.00 g of lead sulfide, PbS, to lead sulfate, PbSO.- 
11-12. What weigh, of magnesium would be required to reduce 50 lbs. of ferric ox.de 
to metallic iron? 

reduce hydrogen ion? 

nn M m reduce? Suggest a reason for calling 
11-14. Which metal ions would you expect gold to rcduc PK 

gold and platinum noble metals. 

,1.15. Wha, would you 

containing stannous ion (>n ). note 

Table 11-1. 

.( wcrc bubbled into a solution containing 

n -' 6 - r^^d^“Cine were bubbled into a solution contain- 
ing both chloride ion and bromide ion. 


Chapter 12 


The Chemistry 
of the Halogens 


The noble gases arc immediately followed in the periodic table by the 
alkali metals, which arc the elements with the most pronounced metallic 
properties (the elements of group I), and arc immediately preceded by 
the elements which difTcr the most from the metals. These non-mctallic 
elements, in group VII of the periodic table, are the halogens—fluorine, 
chlorine, bromine, and iodine.* 

Most of the compounds of the alkali metals, discussed in Chapter 6, 
represent the oxidation number +1, those of the alkaline-earth meta s 
the oxidation number +2, and those of aluminum and its congeners the 
oxidation number +3. Differences in properties of the compounds can 
be attributed largely to the differences in size of the atoms (or 10 ns) of 
these metals. The chemistry of the halogens is much more complex than 
that of these metals. Compounds of the halogens other than fluorine exist 
representing most of the oxidation numbers throughout the range from 
-1 to +7, and these compounds take part in many important oxidation* 
reduction reactions. The chemistry of the compounds of the halogens 
can be systematized and clarified by correlation with the electronic 
theory of valence, and their structure and reactions serve well to illus¬ 
trate the principles discussed in the preceding chapters. 

12-1. The Halogens 

Some of the physical properties of the halogens are given in Table 12-1, 
and of the hydrogen halides in Table 12-2. 

• Element 85. astatine. is also a halogen, but little is known about its properties. 
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table 12-1 Properties of the Halogens 


-r 







RADIUS 


SYMBOL 

ATOMIC 

NUMBER 

ATOMIC 

WEIGHT 

COLOR AND 

FORM 

MELTING 

POINT 

BOIUNG 

POINT 

OF 

ANION, 

X” 

Fluorine 

Chlorine 

Bromine 

Iodine 

F 

Cl 

Br 

9 

17 

35 

” 

19.00 

35.457 

79.916 

126.91 

Pole-yellow qoi 

Greenish-yellow 

gas 

Reddish-brown , 

liquid 

Groyish-blach. 
lustrous solid 

-223° C 

-101.6° 

-7.3° 

113.5° 

— 1 87° C 

-34.6° 

58.7° 

• 

184° 

1.36 h 

1.81 

1.95 

• 

2.16 


Chlorine (from Greek Moras, green), the most common of-hehalo- 

-i t;rw 

Chlorine a ry lo for m chlorides, at room temperature 

COm ;"Tc wiring Hydrogc’n burns in chlorine, after being ignited, 
or on g cn,lc J arr " m ^ lori y dc i ron bur „s in chlorine, produc.ng feme 
to form ^° 8 - C n chlonde Qthcr mclals rcact similarly w.th 

oxidizing = -jy-.sffl; 

.S a,s y o used in many ways 

throughout the chemical mdusuy an unplcasant sharp 

Hydrogen chlor.de ^1 s a col^ ium g chior . dc ^ sulfuric ^ 

?h°; g Tnw,,c^».h.h= production oi , l. W — 
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FORMULA 

MELTING 

POINT 

BOILING 

POINT 

Hydrogen fluoride 
Hydrogen chloride 

Hydrogen bromide 

Hydrogen iodide 

--- 

HF 

HCI 

HBr 

HI 

-92.3° C 

-112° 

-80.5° 

-50.8° 

19.4° C 

-04° 

-67° 

-35.3° 
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of heat. The solution is called hydrochloric acid. It is a strong acid— 
it dissolves zinc and other active metals, with the evoluuon of hydrogen 
and combines with bases (such as sodium hydrox.de) to form salts. The 
salts formed by hydrochloric acid are called chlorides. . 

Bromine (from Greek bromos, stench) occurs (as brom.de .on) m 
small quantities in sea water and in natural salt depouts. The free ele¬ 
ment is an easily volatile, dark reddish-brown l.qu.d with a sttong 
disagreeable odor and an irritating effect on the eyes and throat. It 
produces painful sores when spilled on the skm. It can be made by 
treating a bromide with a strong oxidizing agent such as Dionne 

Hydrogen bromide, HBr, is a colorless gas. Its solution m water, 
hydrobromic acid, is a strong acid. The principal brom.dcs are sod.um 
bromide, NaBr, and potassium brom.de, KBr which arc used in me .- 
cine, and silver bromide, AgBr, which, like s.lver chlor.de, AgCl, and 
silver iodide, Agl, is used in making photographic emulsions (see Pho- 

tocraphy. Sec. 27-6). ...... 

Iodine (from Greek iodts, violet) occurs (as iod.de .on) in very small 
quantities in sea water, and, as sodium iodate, NalO,, tn deposits of 
Chile saltpeter. It is made commercially from the saltpeter, and also 
from kelp, which concentrates it from the sea water. I he free element 
is an almost black crystalline solid with a slightly metallic luster. On 
gentle warming it gives a beautiful blue-violet vapor. Its solutions m 
chloroform, carbon tetrachloride, and carlxm disulfide are also blue- 
violet in color, indicating that the molecules I- in these solutions closely 
resemble the gas molecules. The solutions of iodine ... water containing 
potassium iodide and in alcohol (tincture of iodine) are brown; this 
change in color suggests .hat the iodine molecules have undergone chem¬ 
ical reaction in the solutions. The complex ln-.od.de .on U is present 
in ihc first solution, and a compound with alcohol in the second. 

Hydrogen iodide, HI, is a colorless gas, whose solution .n water, 

called hydriodic acid, is a strong acid. 

Iodine is used as an antiseptic, in photography (silver tod.de), and 
in .he chemical indus.ry. A hormone.* //,.»»./.»•, which is produced by . 
die thyroid inland, contains iodine (its formula is (: lo !ln<>|NI.»); and a 
suitable supply of iodine in the fcxxl or drinking water is necessary for 

health. 


ir 


• Hormones arc chemical substance* which trawl through the bloo.1 front...... «**•» 

.issue to another, and by catalytic lion or in a similar way art .is rc^ulato.* of physio ouic.i 
tivity. Some of the hormones, imludim* thyroxine, are relatively simple chemical sulxta.u. > 
with known structure; but many ./ them are very complex proton molecules, conta.nmn 
thousands of atoms per molecule (see Chap. 2'f). 
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12-2. The Oxidation States of the Halogens 

The compounds of the halogens discussed in the preceding s^tion and 
in Chanter 5 (compounds of fluorine) represent the oxidation state 1, 

mmmwm 

Lies are represented, as summarized in the following diagram 
.7 HCIO,, 0,0, HsIOs 


II CIO* 


cio. 


IIBrOi 


iuoi, i 2 o* 

IOj or I 2 O 4 


HCIO, 


— +2 
— +1 


HCIO, 01,0 HBrO(Br,Q) HIO 


0 F; 


1-1 HF,F- HQ. Cl" HBr.Br- HI, I" 

The range of oxidation states exumds from 

achievement for each halo S"\ “ for chlorinc to the inner noble-gas 
noble gas to +7, comtspo g ^ cightccn . clcctr 0 n-shcll structure, 
structure (neon) and for lod ? Uy in the sequence fluorine, 

The effect of b, "he ability =f a 

chlorine, bromine, iodine oxidizc a heavier halide ion, whereas 

lighter halogen, as the eleme , oxygen compounds of a 

the heavier halogen, as element, reduces yb 

lighter halogen: 

Cl, + 21- —- 2C1- + U 
I, + 2C10C —210, + Cl, 

„„„ in »he direction which decreases the oxida- 

risnrss =£■ - •— - -*■ h “ vkr 

halogen. 
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Except for some halogen oxides (discussed below), the compounds of 
the halogens all correspond to odd oxidation numbers. This regularity 
is *he result of the stability of electronic structures involving pairs of 
electrons (shared or unshared), which leads to even oxidation states for 
elements in even groups of the periodic system, and to odd oxidation 
states for elements in odd groups. 


12 - 3 . The Oxygen Acids and Oxides of Chlorine 

The oxygen acids of chlorine and their anions have the following for- 
mulas and names: 


HC10 4 , perchloric acid 
HCIO 3 , chloric acid 
HCIO 2 , chlorous acid 
HCIO, hypochlorous acid 


ClOr, perchlorate ion 
CIO 3 ", chlorate ion 
CIO* - , chlorite ion 
CIO”, hypochlorite ion 


The electronic structures of the four anions arc shown in Figure 12-1. 




. v 

•• 

(V 

*• *• 

» .• 



Hypochlorite ion CIO 



FI CJ. 12-1 The structure of ions of the four oxygen acids of chlorine. 

Hypochlorous acid, HCIO, and most hypochlorites are known only 
in aqueous solution. A mixture of chloride ion and hypochlorite ion is 
formed by reaction of chlorine with an alkaline solution: 

Cl 2 + 20H- —Cl" + CIO" 4- H 2 0 
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mg agent, me . yp sterilizing and bleaching action. 

—- - 

calcium oxide: 

CaO + CU —- CaCl(ClO) 

. , ra n,nol which approximates the composition of com- 

indicates it to be a calcium chloride-hypo- 

chlorite, containing the two anions < solutio n obtained by 
Hypochlorous actd ttself* ***£ a-d, an of a hypochlori te 

adding another ^as^unc ac^d. ions cl0 -. 0n 

"dUtiSn of such a solution the hypochlorous acid can be 
separated from the salt. 

.. rl o i5 a yellow gas obtained by gently heating hypochlorous acid 

2HC10 —*■ H-O + CljO t 

or by passing chlorine over mercuric oxide: 

+ H '° - H ‘ C Z C ll <■ C. ■ ihc .*«. ^ *F~— 

a rsssrirs sc—- 

• • 

: ci: 

. • o_ci : , in which chlorine and 

The electronic structure of chlorine monox.de .» • O U 

oxygen exercise their nortna. covalence, of 1 and 2. respectively. 

, . .hit- acid which, like its salts, is a 

Chloric acid, HClOs, is an u . saU of chloric acid is potas- 

strong oxidizing agent. I he mos | ing an excess of chlorine 

sium chlorate, KClOs, whit i is • , heating a solution 

through a ho, solution of potassium hyrox.de 
containing hypochlorite ion and potassium ion. 

300" —*- ClOf + 20 

i c-mrital from potassium chloride by 
The potassium ^Joratc can bc^ j ^ alurcs being much less than 

crystallization sohd’d' >' 1 rcs ) ec,ivcly. per 100 g of water at 

that of the chloride (5 g ana b. i 
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10° C). A cheaper way of making potassium chlorate is to electrolyze a 
solution of potassium chloride, using inert electrodes and keeping the 
solution mixed. 

Potassium chlorate is a white substance, which is used as the oxidizing 
agent in matches and fireworks. 

A solution of the similar salt sodium chlorate, NaClOa, is used as a 
weed-killer. Potassium chlorate would be as good as sodium chlorate; 
however, sodium salts are cheaper than potassium salts, and for this 
reason they are often used when only the anion is important. Sometimes 
the sodium salts have unsatisfactory properties, such as deliquescence 
(attraction of water from the air, to form a solution), which make the 
potassium salt preferable, even though more expensive. 

The chlorates form sensitive explosive mixtures when mixed with 
reducing agents, and great care must be taken in handling them. 

Chlorine dioxide, CIO,, is the only compound of quadripositive chlorine. It is a 
reddish-yellow gas, which is very explosive, decomposing readily to chlorine and oxygen. 
The violence of this reaction makes it very dangerous to add sulfuric acid or any other 
strong acid to a chlorate or any dry mixture containing a chlorate. Chlorine dioxide 
can be made by carefully adding sulfuric acid to potassium chlorate. It would be ex¬ 
pected that this mixture would react to produce chloric acid, and then, because of the 
dehydrating power of sulfuric acid, to produce the anhydride of chloric acid: 

2KCIO, + H*S0 4 —+■ K,S0 4 + 2HC10, 

2HCIO, —H,0 + C\£>> 

However, chlorine pentoxide, CljO>, is very unstable—its existence has never been 
verified. If it is formed at all, it decomposes at once to give chlorine dioxide and oxygen: 

2CUO> —4C10, + 0, 

The over-all reaction may be written as 

4KC10, + 2H,S0 4 —►- 2K,S0 4 + 4CIO, f + O, f + 2H,0 

Chlorine dioxide is an odd molecule—that is, a molecule containing an odd num¬ 
ber of electrons. It was pointed out by G. N. Lewis in 1916 that odd molecules (other 
than those containing transition elements) arc rare, and that they arc usually colored 
and are always paramagnetic. Every electronic structure that can be written for chlorine 
dioxide contains one unpaired electron. This unpaired electron presumably resonates 
among the three atoms, the electronic structure of the molecule being a resonance 
hybrid: 
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When chlorine dioxide b dissolved in an a.ka.ine solution, chlorate and chlorite ion 
arc formed: 

2 CIO 2 + 20H- —*- CIO," + CIO," + H-O 
On acidification, chloric acid and chlorous acid, HCIO,, are produced. Chlorous acid 
and its salts are very unstable. 

Potassium perchlorate, KUO„ is made by heating potassium ehlo- 
rate to its melting point: 

4 KCIO 3 —>- 3KC10< + K.C1 

S2S sms* 

Sw-csKi sr “ 25 

for u, low «s«biiuy, 0.75 , r- 

100 g at 0° C. Q . colorless liquid made by distilling. 

Perchloric acid, HUO 4 DCrch lorate to which sulfuric 

under reduced pressure, a so u Histills as the monohydratc. 

acid has been added. The perchloric a <|ra(c These crystals are 

and on cooling it forms crystas otc^^ NH4 CIO«, and the sub- 

isomorphous with ammonium p ’ (H,0) + (C.10 4 )". 

stance presumably is chorine ^tp.oxide, C.,0„ is a 

vi^cntly'cxplotdvc'oilyTiquid made by dehydration of perch.oric acid 
by phosphorus pentoxide. 

12-4 The Oxygen Acids of Bromine 

12 », v..rn acids-hypobromous acid and bromic ac.d- 

Bromine forms only two stable oxygen acids >1 


and their salts: 

HBrO, hypobrornous acid 
HBrO,, bromic acid 


KBrO, potassium hypobroinitc 
KBrO». potassium bromate 


rlU - arc similar to those of the corresponding compounds 
Their preparation and properties a 

of chlorine. or broma tcs has succeeded. The bromite ion, 

No efTort to prepare pcrbrom.c ac J* 

BrO,-, has been reported to extsl-r' ' Br.O., have been described. 

Two very unstable ox.des of brom.ne, 
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12—5. The Oxygen Acids and Oxides of Iodine 

Iodine reacts with hydroxide ion to form the hypoiodite ion, IO", and 
iodide ion: 

I 2 + 20H- —IO- + I- + H a O 
On warming the solution, it reacts further to form iodate ion, I0 3 “: 
310- —*- I0 3 “ + 21- 

The salts of iodic acid and hypoiodous acid may be made in this way. 
Iodic acid itself, HI0 3 , is usually made by oxidizing iodine with con¬ 
centrated nitric acid: 

I 2 + 10HNO 3 —2HI0 3 + 10NO 2 + 4H 2 0 

Periodic acid has the normal formula H 5 I0 6 , with an octahedral 
structure (Fig. 12-2). This composition results from the large size of the 
iodine atom, which permits it to coordinate six oxygen atoms about 
itself. Two scries of periodates exist: K 2 H 3 I0 6 , AgJ0 6 , etc., and KI0 4 , 
NaI0 4 , etc. Sodium periodate, NaI0 4 , occurs in small amounts in 
Chile saltpeter. A solution of sodium periodate usually crystallizes as 
Na 2 H 3 IO*. 

It is to be noted that the two forms of periodic acid, HJO* and HI0 4 
(unstable, but forming stable salts), represent the same oxidation state 
of iodine, and differ only in their coordination number. The equilibrium 
between the two forms is a hydration reaction: 

HI0 4 + 2H 2 0 H s IO* 



FIG. 12-2 

The periodate ion, I0£~. 
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Iodine pentoxide, I,O s , is obtained as a white powder by gently heat¬ 
ing either iodic acid or periodic acid: 

2HI0 3 —1=0* + Hl ° + , ^ 

2HJO, —l 2 O s + 5H,0 | + O. | 

A lower oxide, IO, or 1,0,, can also be made. 

12-6. Compounds of Halogens with Non-Metals 
and Metalloids 

ssssg msm. 

following: 

C1F 
-154° 

- 100 ° 

Cl, 

- 102 ° 

-34° 


^ (° O . 

ecu 

... -23° 

NCU 

-40° 

Cl ,0 

-20° 

4 O 

m.p. v .. 

u 0 (° . 

77° 

70° 

4 

„ „ Cl 

SiCh 
.. -70° 

PCU 

-112° 

SCI, 

-78° 

59° 

m.p. v '-*/ ..••/• 
u « i° r.\ 

60° 

74° 

D.p. v W. 

^ 0 f°n . 

GcCl. 

.... -50° 

A*CU 

-18° 


U (° C.\ 

... 83° 

130* 


D.p. V W. 

m.p. (° C). 

b.p. (°C). 

SnCl« 

... -33° 

... 114° 

SbCI, 

73° 

223° 

TcCl, 

209° 

327® 


I Cl 
27° 
97® 


"mI,"’” r"- » rorm * hy<lr “‘ t 

of one element and a hydroxide of the other. 

C IF 4- H 2 0 —*■ HCIO 4 HI* 

PClj 4 3H 2 0 —*- P(OH)j 4 3HC.1 

PCI, 4 3a calIcd hydrolysis , the more electro- 

In general, in a reaction o ’ and t hc less electronegative 

negative element eomb.ncswi yd g . ^ ru l c is seen to be 

element combines with the hydroxyl gr F 
followed in the above examples. 
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Exercises 

12-1. What chemical reaction do you expect to take place when a solution of bleach¬ 
ing powder is acidified? Can this be used as a method of preparing pure hy- 
pochlorous acid? 

12-2. What chemical reaction takes place at each electrode in the electrolytic prep¬ 
aration of sodium hypochlorite from sodium chloride? Would a well-stirred 
solution become more.acidic or more basic during the course of this electrolysis? 

12-3. How do the electronegativities of the halogens affect the relative stabilities of 
the various oxidation levels of these elements? 

12-4. What is the chemical reaction for the hydrolysis of CIjO? Is there any oxidation 
or reduction in this chemical reaction? 

12-5. Under what conditions is KCIO, decomposed to give O, and KCI and under 
what conditions does it react to form KCIO* and KCI? 

12-6. Write chemical reactions for the preparation of all of the oxides of chlorine. 

12-7. What is the composition of the perchloric acid obtained by distilling a solution 
of a metal perchlorate in sulfuric acid? What is the state of this material at room 
temperature? In what ways does this substance resemble a salt? 

12-8. Complete and balance the chemical reaction 
I, -f HNOj — 

12-9. Can you suggest an explanation of the fact that periodic acid, HJO* has a 
different formula from perchloric acid, HCIO*? 

12-10. What is the oxidation number of chlorine in each of the compounds CIF, I Cl, 
PCI,, NCb, HCIO, HCIO,, HCIO,, HCIO*? 



Chapter 13 
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ysis; Electrochemical 
' Processes 
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13-1. Faraday s Laws of Electrolysis 
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,o the number of .electrons involved; hence the weight of substance 
produced is proportional to the quantity of electricity, in a way whic 
involves the molecular weight or chemical equivalent weight of the 
substance (equivalent weight was discussed in Chap. 11). 

The amounts of substances produced by a given quantity of current 
can be calculated from knowledge of the electrode reactions The magni¬ 
tude of the charge of one mole of electrons (Avogadro s number °^ ele «™ ns) 
is 96,500 coulombs of electricity (1 coulomb = 1 ampere second). This is 
called a faraday. 

1 faraday = 96,500 coulombs 

Note that the electric charge of the electron (Chap. 3) is -1-602 X 
10-” coulomb, as determined by the X-ray method, the MUlikan od- 
drop experiment, and other methods. Avogadro’s number is 0^6024 X 
10* The product of these is -96,500 coulombs of electricity (more 
precisely, -96,493.1). It is customary to define the faraday as this 
quantity of positive electricity. The quantitative treatment of e > ec,r <- 
chemical reactions is made in the same way as the calculation of 
weight relations in ordinary chemical reactions, with use of the 
faraday to represent one mole of electrons. 


Example 1. For how long a time would a current of 10 amperes have 
to be passed through a cell containing fused sodium chloride to produce 
23 g of metallic sodium at the cathode? How much chlorine would be 

produced at the anode? 

Solution. The cathode reaction is 


Na + + <r —Na 

Hence 1 mole of electrons passing through the cell would produce 
1 mole of sodium atoms. One mole of electrons is 1 faraday, and 
1 mole of sodium atoms is a gram-atom of sodium, 23.00 g. Hence 
the amount of electricity required is 96,500 coulombs. One coulomb 
is 1 ampere second. Hence 96.500 coulombs of electricity passes 
through the cell if 10 amperes flows for 9,650 seconds. The answer 
is thus 9,650 sec., or 160 min. 50 sec. 

The anode reaction is 


2C1- —Cl 2 + 2e~ 

To produce 1 mole of molecular chlorine, Cl 2 , 2 faradays must pass 
through the cell. One faraday will produce 1/2 mole of Cl 2 , or 
1 gram-atom of chlorine, which is 35.46 g. Note that two moles 
of electrons are required to produce one mole of molecular chlorine. 



277 


[§ 13-1) Faraday's Laws of Electrolysis 



FIG. 13-1 Two electrolytic cells in series. 

wh ^r ^ r -sa.' 

2HjO — O. t + 4H* + 4'“ 

Hence 4 faradays of electricity libera, « 32 g of oxygen, and 0.2 fa a- 
day liberates 1.6 g. 

At the cathode of cell A the reaetton ts 
Ag + + e~ —>- Ag j 

One o' -S5 

Sr„5.TBiS 

At the cathode in cell B the- reaction is 

Cu* + + 2r —*- c;u i 



278 


The Laws of Electrolysis; Electrochemical Processes [Chap. 13] 

One gram-atom of copper, 63.57 g, would hence be deposited on 
the cathode by 2 faradays of electricity, and 6.357 g by 0.2 laraday. 

The same amount of copper, 6.357 g, would be dissolved from 
the anode of cell B, since the same number of electrons flows through 
the anode as through the cathode. The anode reaction is 

Cu —Cu++ + 2e~ 

Note that the total voltage difference supplied by the generator or 
battery (shown as 10 volts) is divided between the two cells in- 
series. The division need not be equal, as indicated, but is deter¬ 
mined by the properties of the two cells. 

The Cost of Electrochemical Processes. Faraday’s laws do not tell us 
enough to determine the cost of the electric energy required to carry 
out an electrochemical process. Calculations such as those given above 
determine the quantity of electricity required to produce a given amount 
of substance clcctrolytically, but not the electrical pressure (the voltage) 
at which it must be supplied. The principles determining the voltage 
which a cell provides or needs for its operation are more complicated; 
they arc described briefly in Chapter 32. 

In any commercial process, a considerable fraction of the required 
voltage is that needed to overcome the electrical resistance of the elec¬ 
trolyte in the cell. The corresponding energy is converted into heat, 
and sometimes serves to keep the electrolyte molten. 

If the operating voltage of a cell is known, and the cost ot electric 
power, per watt-second (ampere-volt-second), or, usually, per kilowatt- 
hour (kwh), is known, a calculation of cost can be made. 


13-2. Electrolytic Production of Elements 

Many metals and some non-metals are made by electrolytic methods. 
Hydrogen and oxygen are produced by the electrolysis of water contain¬ 
ing an electrolyte. The alkali metals, alkaline-earth metals, magnesium, 
aluminum, and many other metals are manufactured either entirely or 
for special uses by electrochemical reduction of their compounds. Some 
of the processes used are described below. 

The Manufacture of Sodium and Chlorine. Many electrochemical 
processes depend for their success on ingenious devices for securing the 
purity of the products. As illustration we may consider a cell used for 
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making metallic sodium and elementary chlorine from sodium chloride. 
The molten sodium chloride (usually with some sodium carbonate added 
to reduce its melting point) is in a vessel containing a carbon anode and 
an iron cathode, separated by an iron screen which leads to pipes, as 
indicated in Figure 13-2. The gaseous chlorine is led off through one 
pipe, and the molten sodium, which is lighter than the electrolyte, rises 
and is drawn off into a storage tank. 



Carbon unodc 


Chlorine 


Salt supply 


salt 


Iron 

screen 


F1G. 1 3 - 2 -1 ell uud/or ,nak,ng .od.un, and , I,lunar by rleUoly.e ■■/ 

Jused sodium chloride. 

r a » • ,\ii commercial aluminum is made 

Charles M. I lull (1 - ; I Icroult (1863-1914).* A carbon-lined 

by a young Frenchman, I . I- »• . * (hc clcclro | yU *, which is the 

iron box, which serves as cathode , Jinc j somc . 

moltcn mineral cryolite, Na,AU « (or ? m, * lu £ . dissolved (Fig. 13-3) 
times CaF-j), in which aluminum ox.de, AUO, ^ Q , 

The aluminum oxide is obtained from , Thc passai r C 

purification. The anodes in the cel. are made of carbon. The passage 

• Note .he .u.prmn* „a.a.h Ian. - U« "v„ of .1— — men. 
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of the current provides heat enough to keep the electrolyte molten, at 
about 1,000° C. The aluminum metal sinks to the bottom, and is 
tapped off: 

M+++ + 3," —>- A1 [ 

Carbon dioxide is produced at the anodes, according to the equation 
20— + C —»- COs f + 4e~ 



Carbon-lined 
iron tank 
(cathode) 


aluminum 


Carbon anodes 

by 

oxygen 


to power supply 


A! a 0 s 

dissolved. 


FIG. 13-3 The electrolytic production of aluminum. 

The cells operate at about 5 volts potential difference between the 
electrodes. 

Bauxite is a mixture of aluminum minerals [AIO(OH), Al(OH) 3 ], 
which contains some iron oxide. It is purified by treatment with sodium 
hydroxide solution, which dissolves hydrated aluminum oxide (as alumi- 
nate ion), but does not dissolve iron oxide: 

Al(OH), + OH" —» Ai(OH)r 

———“~aluminate ion 

The solution is filtered, and then acidified with carbon dioxide, re¬ 
versing the above reaction. The precipitated aluminum hydroxide is 
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then dehydrated by ignition (heating to a high temperature), and the 
purified aluminum oxide is ready for addition to the electrolyte. 

The world’s production of aluminum by this process is of the order 
of two million tons per year. 


13-3. The Electrolytic Refining of Metals 

Several metals, won from their ores by either chemical or electro¬ 
chemical processes, are further purified (refined) by electrolytic methods^ 
Metallic copper is sometimes obtained by leaching a copper ore with 
sulfuric acid and then depositing the metal by electrolysis of the copper 



FIG. 13-4 The electrolytic refining of copper. 

sulfate solution. Most copper ores, however, are converted into crude 
copper by chemical reduction. This crude copper is cast into anode plates 
about 3/ 4 in. thick, and is then refined electrolytically^ 

The process of electrolytic refining of copper is a simple one (see 
Fig 13-4) The anodes of crude copper alternate with cathodes of thin 
sheets of pure copper coated with graphite, which makes it possib e m 
strip off the deposit. The electrolyte is copper sulfate .As the curren 
passes through, the crude copper dissolves from the anodes and a purer 
F a L ™ cathodes Metals below copper in the E.M.I-. 
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can be recovered. More active metals, such as iron, remain in the 

solution. . 

Aluminum is sometimes subjected to electrolytic refining by the 

Hoopcs process. The electrolytic cell (Fig. 13-5) contains three super¬ 
imposed liquid layers. The top layer, A, which serves as the cathode, 
is pure molten aluminum, and the bottom layer, C, is impure aluminum 
in which copper and silicon have been dissolved to increase its density. 
The middle layer, B. is a fused salt mixture with intermediate density; 
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FIG. 13-5 7 he electrolytic refining oj aluminum. 


it contains NaF, A1F 3 , BaF 2 , and A1 2 Oj. During electrolysis aluminum 
from C passes into B as aluminum ions, and is reconverted to aluminum 
metal at A. The other metals in C do not pass into the electrolyte. 


13—1. Other Electrolytic Processes 

Many electrolytic processes have been mentioned in preceding chapters, 
such as the oxidation of chloride ion to hypochlorite ion, chlorate ion, 
and perchlorate ion. of mangnnate ion to permanganate ion, and of 
sulfuric acid to peroxysulfuric acid. 

An interesting electrolytic process which may serve as a further exam¬ 
ple is the Castner-Kellner process for making chlorine and sodium hy¬ 
droxide. 11 concentrated brine is electrolyzed, chlorine is formed at the 
anode and hydroxide ion at the cathode: 

2CI- —v Cl. + 2r* 

2H s O + 2e~ H 2 + 20H- 
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[§ 13-4] Other Electrolytic Processes 

If brine is electrolyzed as just described, using graphite electrodes the 
alkali produced is present in solution together with some undccomposcd 
salt, from which it must be separated by crystallization. This trouble¬ 
some step is avoided in the Castner-Kellncr process. This process involves 
use of a slate tank divided into three compartments by slate partitions 
not quite touching the floor of the tank (Fig. 13-6). A layer of mercury 
covers the floor. Dilute sodium hydroxide solution is put in the central 
compartment, and brine in the end compartments. The brine is elec¬ 
trolyzed between graphite anodes and the mercury, wh.ch serves as a 
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cathode. The anode reaction is that given above, producing chlorine. 
The cathode reaction is 


e - + N a + —>- Na(amalgam) 

mercury with other metals arc called ain.ilL, I b 

the cell is rocked, causing .he amalgam to low back a d «o 

The amalgam reacts with the water in the central to.npa.tm. nt. 

2 Na(amalga.n) + 211,0 — H,f + 2NaOH<-*) 

- - T * r- 

practice found convenient to introduce 
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compartment, and to assist this reaction to occur by use of an applied 
electric potential, with the amalgam as anode and the iron electrode 
as cathode. The electrode reactions are the following: 

Anode reaction: Na(amalgam) —Na + + €~ 

Cathode reaction: 2H s O + 2e~ —*- H* f + 20H~ 

The factors which determine the nature of the electrode reactions in 
a case such as those just mentioned (where both the salt concentration 
and the electrode material are seen to be significant) will be discussed 
in detail in a later chapter (Chap. 32), dealing with oxidation-reduction 
potentials. At present we may say that of the possible electrode reactions 
the one that can occur most easily, according to the principles of chem¬ 
ical equilibrium and reaction rate, will be the one which usually oc¬ 
curs. This is usually the reaction that forms the most stable products. 
Thus in the case of dilute salt solution a possible cathode reaction is 

Na + + Na 

forming sodium metal. But we know that sodium metal decomposes 
water to liberate hydrogen: 

2Na + 2H 2 0 —2Na + -f 20H" + H, 

Thus sodium metal is not the product of the cathode reaction, and indeed 
there is no need to bring sodium ion and sodium metal into the reaction 
at all. On the other hand, dilute sodium amalgam docs not react with 
concentrated brine, to liberate hydrogen; hence the cathode reaction in 
the Castner-Kellner process produces this amalgam rather than hy¬ 
drogen. 


13-5. Primary Cells and Storage Cells 

The production of an electric current through chemical reaction is 
achieved in primary cells and storage cells. Primary cells are cells in which 
an oxidation-reduction reaction can be carried out in such a way that 
its driving force (release of free energy) produces an electric potential. 
This is achieved by having the oxidizing agent and reducing agent sep¬ 
arated; the oxidizing agent then removes electrons from one electrode 
and the reducing agent gives electrons to another electrode, the flow 
of current through the cell itself being carried by ions. Storage cells are 
similar cells, which, however, can be returned to their original state 
after current has been drawn from them (can be charged ) by applying 
an impressed electric potential between the electrodes, and reversing 
the oxidation-reduction reaction. 


[§ 13-5] Primary Cells and Storage Cells 
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FIG. 13-7 
The dry cell. 
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Each reaction produces the insoluble substance PbSO„ 1< ad su 
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FIG. 13-8 

The lead storage cell. 


which adheres to the plates. As the cell is discharged sulfuric acid is 
removed from the electrolyte, which decreases in density. The cell can 
be charged again by applying an electric potential across the terminals, 
and reversing the above electrode reactions. The charged cell produces 
an electromotive force of slightly over 2 volts. 

It is interesting that the same element changes its oxidation state in 
the two plates of this cell: the oxidizing agent is Pb0 2 (Pb +4 —>- Pb +2 ), 
and the reducing agent is Pb (Pb° —Pb +2 ). 


13-6. Electrolytic Rectifiers 

Some electrolytic systems have the power of permitting an electric cur¬ 
rent to pass through them in only one direction, provided that the im¬ 
pressed voltage is not too great. An example of such a system is the 
aluminum rectifier , Figure 13-9. One electrode, made of fcrrosilicon, per¬ 
mits the current to flow cither way. The aluminum electrode, however, 
permits electrons to flow into the solution, but not to flow from the 
solution into the electrode, even with an applied potential of several 
hundred volts. 

The explanation of this behavior is that when the applied potential 
tends to pull electrons from the aluminum electrode and out through 
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FIG. 13-9 

The aluminum elec (roly lie rectifier. 


, h c terminal - aluminum —“ “ *• “ 
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A | —*- Al +++ + 3r“ 
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A1PO, + 3 f —*- AU + VO,— ~ 
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Cln^rd “e n ctl a , andhs n des,ruction when the applied potential is 

reversed. 

Exercises 

. . , , . (D.-ri I ills’ )>v the electrolysis of fused sodium hydrox- 

n -' “toTS:! anode and cathode reaction, and the nver-a.. reao 
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tion. (b) Calculate the weight of sodium formed per hour in a cell through which 
1,000 amperes is flowing. 

13-2. A current is passed between a copper electrode and a silver electrode in 1 1 of 
electrolyte which originally contained 1 gfw of AgNOa- How much copper has 
dissolved after 0.1000 g of silver has been deposited on the silver electrode? 

13-3. Solid silver iodide at temperatures even considerably below its melting point 
is a good ionic conductor. Two silver electrodes, each weighing 10.0000 g, are 
placed in contact with the two ends of a cylinder of silver iodide weighing 20 g, 
and a direct current of 2 amp is passed through the system for 1 hour. What 
should be the final weights of anode, cathode, and electrolyte? 

13-4. (a) How much electricity is needed to produce one pound of aluminum by 

electrolysis of AljOj dissolved in cryolite? (This is the commercial process of 
winning the metal.) (b) If a potential difference of 5 volts is used, and the 
electricity costs 0.1 cent per kilowatt-hour, what is the power cost per pound of 
aluminum? The market price of aluminum is ordinarily about 20 cents per 
pound. 

13-5. In a cell with anode and cathode compartments connected by a narrow tube 
each compartment holds 1 1 of electrolytic solution. 9,650 coulombs of elec¬ 
tricity is passed through the cell, producing hydrogen and oxygen. Initially 
each cell contained 1 gfw of MgSO«. Discuss the electrode reactions and describe 
the final contents of each compartment. 

13-6. How many grams of NaClOj are produced per hour by the electrolysis of an 
alkaline solution of NaCl in a cell through which a current of 10 amperes is 
passing? 

13-7. The international ampere is defined as that current which, under specified 
conditions, deposits 0.001118 g of silver per second. From this and the atomic 
weight of silver, 107.880, calculate the value of the faraday. 

13-8. In one of the most reliable determinations of the value of the faraday which 
have been made, Vinal and Bates* found that 4.82844 g of iodine was liberated 
at an anode in potassium iodide solution by 3,671.82 coulombs of electricity. 
Evaluate the faraday from this, using 126.92 for the atomic weight of iodine. 

13-9. At what rate, in grams per hour, would chlorine be produced in a Castncr- 
Kcllner cell by a current of 10,000 amp? 

13-10. Why docs the electrolytic refining of copper purify it from gold? from iron? 

13-11. What difference is there in the electrolysis of a dilute sodium chloride solution 
with platinum electrodes and with mercury electrodes? 

13-12. In which direction docs an aluminum rectifier pass a current? Why? 

13-13. Calculate the life of a dry cell in ampere-hours per gram of MnO», assuming 
that the other reactants are present in excess. 

* G. W. Vinal and S-J. Bates. Bulletin of the Bureau of Standards, 10, 425 (1914). 
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14-1. The Nature of the Gas Laws 
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to know its weight, multiply the volume by its density, as found by a 
previous experiment. The method of weighing is usually not conven¬ 
iently used for gases, because their densities are very small; volume meas¬ 
urements can be made much more accurately and easily. But the vol¬ 
ume of a sample of gas depends greatly on both the pressure and the 
temperature, and to calculate the weight of gas in a measured volume 
the law of this dependence must be known. It is pardy for this reason 
that study of the pressure-volume-temperature properties of gases is a 
part of chemistry. 

Another important reason for studying the gas laws is that the density 
of a dilute gas is related in a simple way to its molecular weight , whereas 
there is no similar simple relation for liquids and solids. This relation 
for gases (Avogadro's law) was of great value in the original decision as 
to the correct atomic weights of the elements, and it is still of great prac¬ 
tical significance, permitting the direct calculation of the approximate 
density of a gas of known molecular composition, or the experimental 
determination of the effective (average) molecular weight of a gas of 
unknown molecular composition by the measurement of its density. 
These uses arc discussed in detail in the following sections. 

It has been found by experiment that all ordinary gases behave in 
nearly the same way. The nature of this behavior is described by the 
perfect-gas laws (often referred to briefly as the gas laws). 

It is found experimentally that, within the reliability of the gas laws 
(better than 1% under ordinary conditions), the volume of a sample 
of any gas is determined by only three quantities: the pressure of the gas, 
the temperature of the gas, and the number of molecules in the sample of 
the gas. The law describing the dependence of the volume of the gas 
on the pressure is called Boyle's law; that describing the dependence of 
the volume on the temperature is called the law of Charles and Gay-Lussac; 
and that describing the dependence of the volume on the number of 
molecules in the sample of gas is called Avogadro's law. 

In the following sections of this chapter these three laws are formu¬ 
lated and applied in the solution of some problems. It is also shown 
that they can be combined into a single equation, which is called the 
per feet-gas equation. 


14-2. The Dependence of Gas Volume on Pressure: 

Boyle’s Law 

Experiments on the volume of a gas as a function of the pressure have 
shown that, for nearly all gases, the volume of a sample of gas at 
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constant temperature is inversely proportional to the pre*ure; that 
is, the product of pressure and volume under these eond.t.ons ,s constant. 


pV = constant (temperature constant, moles of gas 
constant) 


(14-1) 


This equation expresses Boyle’s law. The law was inferred1 from ex¬ 
perimental data by the English natural sc.cnt.st Robert Boyle in 1662 
P The limitation that the number of moles of the gas be constant 
made in order to account for the exceptional bchav.or of certa.n gases. 
Whereas all of the common gases, such as oxygen, hydrogen, nitrogen 

carbon monoxide, carbon dioxide, etc, behave ** 

Boyle’s law, there are some gases that do not. One of Rese ts the g 

*• „1, 1 The air in an automobile tire, with volume 1 cub.c foot 

ISSM- Ibl pcr sq! in. pressure. How much air would come out of 

the tire if the valve were opened? prcssu rc” it is usually 

-r: 

greater than atmosphere <*-^7 lbs. in., the total 

,r«,. in- To the precision of the measurement 

pressttre on tu. (|hc „-mperature being assumed 

,Im " a,r , 'o’or ,hb total volume, 1 cu. ft. would stay in the 
mi Xt a CU. ft. of air (a. . atm pressure) would come out of 

“"in working this problem we have assunud tha. the tire^does not 
change in volume when the pressure ts released, as wet. 
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there is no significant change in temperature during the expansion 
of air. 


Example 2. What is the weight of oxygen that can be put in an oxygen 
tank with volume 2 cu. ft. under pressure of 1,500 lbs. per sq. in.? The 
density of oxygen at 1 atm pressure and room temperature (18° C) is 
1.34 g/1. 

Solution. Let us convert the volume of the tank to liters and the 
pressure to atmospheres. The number of liters in 1 cu. ft. can be 
found by remembering that 2.54 cm = 1 inch. The number of 
cm 3 in 1 cu. ft. is accordingly (12 X 2.54) 3 = 30.48 3 = 28,316 cm 8 . 
Hence 1 cu. ft. = 28.32 1, and 2 cu. ft., the volume of the tank, is 
56.6 1. The pressure on the tank in atmospheres is 1,500/14.7 = 
102 atm. By application of Boyle’s law we see that a volume of 
56.6 1 of gas at 102 atm will become much larger, by the factor 
102, when the pressure is decreased to 1 atm; the volume at 1 atm 
is accordingly 

102 X 56.6 = 5,773 1 

The weight of this volume of oxygen in grams is the product of 
the volume by the density, 1.34 g/1, which is 7,730 g or, dividing 
by 454, the number of grams in a pound, 17.0 lbs. The weight of 
oxygen that the tank will hold under this pressure is accordingly 
17.0 lbs. 

Correction for the Vapor Pressure of Water. When a sample of gas 
is collected over water the pressure of the gas is due in part to the 
water vapor in it. The pressure due to the water vapor in the gas in 
equilibrium with liquid water is equal to the vapor pressure of water. 
Values of the vapor pressure at different temperatures are given in 
Appendix II. 

The way in which a correction for the vapor pressure of water can 
be made is illustrated in the following example. 

Example 3. An experiment is made to find out how much oxygen is 
liberated from a given amount of potassium chlorate, KClOj. The quan¬ 
tity 2.00 g of this salt is weighed out, mixed with some manganese 
dioxide, to serve as catalyst, and introduced into a hard-glass test tube, 
which is provided with a cork and delivery tube leading to a bottle 
filled with water and inverted in a pneumatic trough. The test tube is 
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the bottle, me icmp hr 18° C The barometric pres- 
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In «he preceding example..*mu/o^en 
^S^E^^caleulated; this is the answer to the 
first question in our example. 
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weight of oxygen liberated = X 1.34 = 0.764 g 

1 ,uuu 

Note how simple the means are by which the weight of liberated 
oxygen was found, to 1-mg accuracy; only rough volume measure¬ 
ments (to 1 ml) needed to be made. 

To answer the second question let us calculate the theoretical 
yield of oxygen from 2.00 g of potassium chlorate. The equation 
for the decomposition of potassium chlorate is 

KClOa —KC1 + SO* f 

(Note that it is sometimes convenient to represent a fractional 
number of molecules in an equation.) We see that 1 gram-formula 
weight of KClOj, 122.5 g, should liberate 3 gram-atoms of oxygen, 
48.0 g. Hence the amount of oxygen that should be liberated from 

2.00 g of potassium chlorate is X 2.00 = 0.786 g. 

The observed amount of oxygen liberated is seen to be less than 
the theoretical amount by 0.022 g, or 2.8%. 

In applying Boyle’s law in the solution of a problem you should al¬ 
ways check your calculations by deciding whether the change in pres¬ 
sure given in the problem should cause the volume to increase or to 
decrease, and then verifying that your answer agrees with your decision 
on this point. 


14 — 3 . Dependence of Gas Volume on Temperature: 

the Law of Charles and Gay-Lussac 

After the discovery of Boyle's law, it was more than one hundred years 
before the dependence of the volume of a gas on the temperature was 
investigated. Then in 1787 the French physicist Jacques Alexandre 
Charles (1746-1823) reported that different gases expand by the same 
fractional amount* for the same rise in temperature. John Dalton in 
England continued these studies in 1801, and in 1802 Joseph Louis 
Gay-Lussac (1778-1850) extended the work, and determined the amount 
of expansion per degree centigrade. He found that all gases expand by 
1/273 of their volume at 0° C for each degree centigrade that they arc 
heated above this temperature. Thus a sample of gas with volume 
273 ml at 0° C has the volume 274 ml at 1° C and the same pressure, 
275 ml at 2° C, 373 ml at 100° C, etc. 

Wc now state the law of the dependence of the volume of a gas on 
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temperature, the law of Charles and Gay-Lussac, in the following way: 
SX pressure and the number of moles of a sample of remain 
constant, the volume of the sample of gas .s proportional to the 

absolute temperature: 

V = constant X T (pressure constant, number of moles 

constant) ' ' 

You will note that the dependence of volume on the absolute icmpcr- 
ature is a direct proportionality, whereas the volume is inversely propor- 
S » £ priuS The nature of the* two relation, .Uu.trated tn 

Figure 14-1. 



FIG 14-1 Cur,,, showing, a, the UJt, Ihc dependence of the volume oj a sample 
o/ go, a, con,.on, Umperalure and con,o,n,ng a con,Ion, numOe, oj'mol.cde on he 
/ g nnA at the neht the dependence oj the volume of a sample oj gas at 

The use of the law of Charles and Gay-Lussac in working problems 
is illustrated by the examples given below. 

Standard Conditions. It is customary -fer^the -lumes^gases 
,0 0° C and a pressure of 1 ?*" ‘ £ said to bc leduce J , 0 „and- 

il^whri"'volume is ea.cu.ated a, this temperature and 
pressure. 

Example 4. One gram of methane has a volume of , ,513 ml a, 25“ C 
and 1 atm. What is its volume at standard conditions. 
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Solution. Our problem is to find the volume of a sample of gas 
at 0° C which has the volume 1,513 ml at 25° C; or, changing to 
the absolute temperature scale, to find the volume of a sample of 
gas at 273° K which has volume 1,513 ml at 298° K. 

Cooling a gas causes its volume to decrease. Accordingly, we 
know that we must multiply the volume at the higher tempera¬ 
ture by 273/298. rather than by the reciprocal of this fraction. Thus 
we have 

273 

volume of gas at standard conditions = X 1.513 = 1,386 ml. 

Example 5. The first balloons that were made were filled with hot air. 
What would be the lifting power of a balloon with volume 10,000 cu. ft. 
filled with air heated to 200° C? The density of air at room temperature 
(18° C) and 1 atm is 1.21 g/1. 

Solution. Let us first find the volume of the balloon in liters. We 
calculated in an earlier example that 1 cu. ft. contains 28.3 1; hence 
the balloon has a volume of about 283,000 1. The weight displaced 
by this balloon in the atmosphere is 283,000 X 1.21 — 342,000 g, 
or, dividing by 454, the number of grams in a pound, 764 lbs. 

Let us now calculate the weight of hot air in the balloon. The 
temperature of the hot air is 200 + 273 = 473 K. The room tem¬ 
perature is 291° K. If the hot air in the balloon were to be cooled 
to room temperature, it would shrink to the volume 291/473 of its 
original volume. The weight of this amount of air is accordingly 
this fraction of the weight of the air required to fill the balloon at 
room temperature, which we have just calculated to be 764 lbs.: 

2«>1 

weight of hot air in balloon = "64 X -y, = 470 lbs. 

The lifting power of the hot-air balloon is thus found to be 
764 - 470 = 294 lbs. 

Correction of the Volume of a Gas for Change in Both Pressure and 
Temperature. Boyle's law and the law of Charles and Gay-Lussac can 
be applied in a straightforward manner to calculate the change in vol¬ 
ume of a sample of gas from one pressure and temperature to another 
pressure and temperature, as is illustrated by the following example: 

Example 6. A sample of gas has volume 1.200 ml at 100° O and 8U0 mm 
pressure. Reduc e to standard conditions. 
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Solution. We may solve this problem by multiplying the original 
volume by a ratio of pressures to correct for the change in pressure, 
and by a ratio of temperatures to correct for the change in temper- 
ature. We must decide for each ratio whether the correction is 

greater or less than one. 

In this case the sample is initially at a greater pressure than 1 atm 
(760 mm), and hence it will expand when the pressure •* "*»««* 
to 1 atm. Accordingly, the pressure factor must be 800,760 and 
not 760/800. Also the sample will contract (decrease in volume) 
when it is cooled, and hence the temperature factor must be 
273/373, and not 373/273. Therefore we write 

r - x x gf - 92 5 »l. 

This method is to be used in solving any prcssurc-volume-tcmpera- 

,urc problem for a sample of gas. provided that the number of molecules 
in the sample remains constant. 

The Absolute Temperature Scale. The idea of the absolute zero of 
temperature was developed as a result of the discovery of the law of 
Charles and Gay-Lussac; the absolute zero would be the temperature 
at which an idcll gas would have zero volume at any finite P r ”' urc . 
For some years (until 1848) the absolute temperature scale was define 
in terms o( a gas thermometer; the absolute temperature was taken as 
proportional to the volume of a sample of gas a, constant pressure 
Sinre however no real gas approaches a perfect gas closely enough at 
practically useful pressures to permit an accurate gas thermometer to 
P be constated, an^bso.ute temperature scale based on the lawsof the, 

thermodynamic scale except a. very low temperatures, and widely 
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Giauque of the University of California, suggested and put into practice 
a novel method of reaching extremely low temperatures. This consists 
in the demagnetization of a paramagnetic substance previously cooled 
with liquid helium; in this way temperatures of about 0.001° K have 
been reached. The laws of thermodynamics indicate that it is impossible 
by any real mechanism to reach the absolute zero of temperature. 

14 - 4 . Avogadro’s Law 

In 1805 Gay-Lussac began a series of experiments to find the volume 
percentage of oxygen in air. In the course of this work he made a very 
important discovery. The experiments were carried out by mixing a 
certain volume of hydrogen with air and exploding the mixture, and 
then testing the remaining gas to see whether oxygen or hydrogen had 
been present in excess. He was surprised to find a very simple relation: 

1,000 ml of oxygen required just 2,000 ml of hydrogen, to form water. 
Continuing the study of the volumes of gases that react with one another, 
he found that 1,000 ml of hydrogen chloride combines exactly with 
1,000 ml of ammonia, and that 1,000 ml of carbon monoxide combines 
with 500 ml of oxygen to form 1,000 ml of carbon dioxide. On the basis 
of these observations he formulated the law of combining volumes: 
the volumes of gases which react with one another or are produced in a chemical 
reaction are in the ratios of small integers. 

Such a simple empirical law as this called for a simple theoretical 
interpretation, and in 1811 Amedeo Avogadro, professor of physics at 
the University of Turin, Italy, proposed a hypothesis to explain the law. 
Avogadro's hypothesis was that equal numbers of molecules are con¬ 
tained in equal volumes of all gases under the same conditions. 
This hypothesis has been thoroughly verified to within the accuracy of 
approximation of real gases to ideal behavior, and it is now called a 
law—Avogadro’s law.* 

During the last century Avogadro’s law provided the most satisfactory and the only 
reliable way of determining which multiples of the equivalent weights of the elements 
should be accepted as their atomic weights; the arguments involved arc- discussed in 
the following sections. But the value of this law remained unrecognized by chemists 
from 1811 until 1858. In this year Stanislao Cannizzaro (1826-1910). an Italian chem¬ 
ist working in Geneva, showed how to apply the law systematically, and immediately 
the uncertainty regarding the correct atomic weights of the elements and the correct 

• Dalton had Considered and rejected the hypothesis that equal volume of gases contain 
equal numbers of atoms; the idea that elementary substances might exist as polyatomic 
molecules (H*. 0») did not occur to him. 
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A Before 1858 many chemists used the formula HO 

accepted as the formula for water by everyone. 



FIG. 14-2 


The relative volume, »/ ga,e, involve* in chemical reactions. 
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volumes. Some simple diagrams illustrating this for several reactions are 
given in Figure 14-2. Each square in these diagrams represents the 
volume occupied by four gas molecules. 


14 — 5 . The Use of Avogadro’s Law in the Determination 

of the Correct Atomic Weights of Elements 

The way in which Avogadro’s law was applied by Cannizzaro in 1858 
for the selection of the correct approximate atomic weights of elements 
was essentially the following. Let us accept, as is justified by Avogadro’s 
law, as the molecular weight of a substance the weight in grams of 
22.4 liters of the gaseous substance reduced to standard conditions. 
fAny other volume could be used—this would correspond to the selec¬ 
tion of a different base for the atomic weight scale.) Then it is probable 
that of a large number of compounds of a particular element at least one compound 
will have only one atom of the element per molecule; the weight of the element 
in the standard gas volume of this compound is its atomic weight. 


TABLE 14-1 



WEIGHT OF GAS. 

IN GRAMS 

WEIGHT OF CONTAINED 

HYDROGEN. IN GRAMS 

Hydrogen (H ; ) 

2 

2 

Methane (CH.J 

16 

4 

Ethane (C-H.) 

30 

6 

Water (H,OJ 

18 

2 

Hydrogen twlflde (H-S) 

34 

2 

Hydrogen cyanide (HCN) 

27 

1 

Hydrogen chloride (HCI) 

36 

l 

Ammonia (NHi) 

17 

3 

Pyridine (OHjN) 

79 

5 


For gaseous compounds of hydrogen the weight per standard volume 
and the weight of the contained hydrogen per standard volume are 
shown in Table 14-1. In these and all other compounds of hydrogen 
the minimum weight of hydrogen in the standard gas volume is found 
to be 1 g. and the weight is always an integral multiple of the minimum 
weight; hence 1 can be accepted as the atomic weight of hydrogen. 
The elementary substance hydrogen then is seen to consist of diatomic 
molecules H 3 , and water is seen to have the formula H a O x , with x still 
to be determined. 
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standard volume of water v p g . we ieht of oxygen is 

STdl?^«£ value'may be adopted. Water thus is given the 
formula H^O. 


table 14-2 


Oxygen (O:) 

Water (HjO) 

Carbon monoxide (CO) 
Carbon dioxide (CO:) 
Nitroui oxide (NtO) 
Nitric oxide (NO) 

Sulfur dioxide ($0:1 
Sulfur trloxide (SOi) 


WEIGHT OF GAS, 
IN GRAMS 


WEIGHT OF CONTAINED 
OXYGEN. IN GRAMS 


32 

18 

28 

44 

44 

30 

64 

80 


32 

16 

16 

32 

16 

16 

32 

48 


. • .• , on of Avoeadro s law provided rigorously only 

Note that this application of A g clement. The possibility 

this value. 

,4-6 Other Methods of Determining Correct Atomic Weights 

1 . • ,nmolftelv reliable method of determining which 

1. At the present time there , , B atomic weight. This method is to 

multiple of the equivalent wetgh^of." den. . ^ x . [ay 5p ec,run, The atomic 

dctcrYninc the atomic number o elements) or a little more (up to 25/„ 

2K s—- - ■—* at ,he ,,mc of d,s ‘ 

constant pressure be approximately RasrJ 5uc h as carbon dtox.de). and 

degree for diatomic gases (and lmcar ^ ^ capac i, y is the amount of energy 

8 cal per degree for other polyatomic « . ^ |)y Qnc dcgr cc; the molar heat capacity 

required to raise the temperature of bs uscd in 1876 to show that mercury 

refers to one mole of substance. This method 


• See Chapter 31 for a dUcussion of heat capacity. 
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vapor consists of monatomic molecules, and hence that its atomic weight is equal to 
its molecular weight as determined by the gas-density method (see a later section in 
this chapter). It was also applied to the noble gases (which are monatomic) on their 
discovery. 

3. It was pointed out in 1819 by Dulong and Petit in France that for the heavier 
solid elementary substances (with atomic weights above 35) the product of the heat 
capacity per gram and the atomic weight is approximately constant, with value about 
6.2 cal per degree. This is called the rule of Dulong and Petit. The rule can be used to get 
a rough value of the atomic weight of a solid element by dividing 6.2 by the measured 
heat capacity of the solid elementary substance in cal/g. For example, the heat capacity 
of bismuth is 0.0294 cal/g. By dividing this into 6.2 we obtain 211 as the rough value 
of the atomic weight of bismuth given by the rule of Dulong and Petit; the actual atomic 
weight of bismuth is 209. 

4. In the same year (1819) the German chemist Eilhardt Mitscherlich (1794-1863) 
discovered the phenomenon of isomorphism (the existence of different crystalline sub¬ 
stances with essentially the same crystal form, and capable of forming crystalline solu¬ 
tions with one another; sec Sec. 6-8), and suggested his rule of isomorphism, which states 
that isomorphous crystals have similar chemical formulas. This rule and the rule of 
Dulong and Petit were of great use in fixing atomic weights. An interesting application 
of the rule of isomorphism was made by the English chemist Henry E. Roscoe in deter¬ 
mining the correct atomic weight of vanadium. Berzelius had attributed the atomic 
weight 68.5 to vanadium in 1831. In 1867 Roscoe noticed that the corresponding for¬ 
mula for the mineral vanadinite was not analogous to the formulas of other minerals 
isomorphous with it: 

Apatite Caj(PO«)»F 

Pyromorphite Pb>(PO«)jCI 

Mimetite Pb»(AsO«)jCl 

Vanadinite Pb-.(VOa)jCl (wrong) 

The formula for vanadinite analogous to the other formulas is Pb*(VO«)»Cl. On rein¬ 
vestigating the compounds of vanadium Roscoe found that this latter formula is indeed 
the correct one, and that Berzelius had accepted the oxide VO, vanadium monoxide, 
as the elementary substance. The atomic weight of vanadium now accepted is 50.95. 

5. The method of chemical analogy—based on the assumption that substances 
with similar chemical properties usually have similar formulas—was of considerable 
use in the early period. 


14 — 7 . The Complete Perfect-Gas Equation 

Boyle's law, the law of Charles and Gay-Lussac, and Avogadro’s law 
can be combined into a single equation: 

pV = nRT (14-3) 

In this equation p is the pressure acting on a given sample of gas, 
V is the volume occupied by the sample of gas, n is the number of moles 
of gas in the sample (that is, the total number of molecules divided by 
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The volume occupied by one mole of gas at standard conditions is 
seen from the perfect-gas equation to be just the product of R and the 
temperature 0° C on the absolute scale. The value of R can hence be 
found by dividing 22.4 by 273: 

R = = 0.0820 liter atm/mole deg 

The Partial Pressures of Components of a Gas Mixture. It is found 
by experiment (Dalton, 1801) that when two samples of gas at the same 
pressure are mixed there is no change in volume. If the two samples 
of gas were originally present in containers of the same size, at a pressure 
of 1 atm, each container after the mixing was completed would contain 
a mixture of gas molecules, half of them of one kind and half of the 
other. It is reasonable to assume that each gas in this mixture exerts 
the pressure of 1/2 atm, as it would if the other gas were not present. 
Dalton’s law of partial pressured states that in a gas mixture the molecules 
of gas of each kind exert the same pressure as they would if present alone , and 
that the total pressure is the sum of the partial pressures exerted by the different 
gases in the mixture. 

We have made use of the law of partial pressures in an earlier sec¬ 
tion, in correcting the total pressure of a gas containing water vapor 
by subtracting the partial pressure (vapor pressure) of the water vapor 
(Example 3). 


14—8. Calculations Based on the Perfect-Gas Equation 

Some of the ways in which the perfect-gas equation can be used in the 
solution of chemical problems are discussed in the following paragraphs. 

The Calculation of the Density of a Gas or the Weight of a Sample 
of Gas from Its Molecular Formula. If the molecular formula of a 
gaseous substance is known, an approximate value of its density can be 
calculated. This calculation can also be carried out for a mixture of 
known composition of gases of known molecular formulas. The method 
to be used is illustrated in the following example: 

Example 7. What is the density of carbon dioxide at standard condi¬ 
tions? 

Solution. The molecular weight of carbon dioxide, C0 2 , is 44. 
The volume occupied by 1 mole, 44 g, of carbon dioxide at stand- 
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ard conditions is 22.4 1. The density is the weight per unit volume; 
that is, 

44 

density of carbon dioxide = = 196 £/* 

Example 8 . What is the approximate value of the density of air at 

25° C? .... 

Solution. Air is a mixture of oxygen and nitrogen, being mainly 
(about 80%) nitrogen. The molecular weight of oxygen is 32, and 
that of nitrogen is 28; we see that the average molecular weight 
of the mixture is approximately 29. The weight of 1 1 of air at 
standard conditions is accordingly 29/22.4 = 1.29 g/1. 

When air is heated from 0° C (273° K) to 25“ C (298° K) it in¬ 
creases in volume, and accordingly decreases in density. The frac¬ 
tion by which the density at 0° C must be multiplied to obtain the 
density at 25° C is seen to be 273/298; hence 

density of air at 25° C = * 1-29 = 

The Determination of the Molecular Weight of a Gas. In the in¬ 
vestigation of a new substance, such as a physiologically active substance 
isolated from a plant, one of the first things that a chemist docs is to 
determine its molecular weight. If the substance can be vaporized with¬ 
out decomposing it, the density of its vapor provides a value of the 
molecular weight, and this method is usually used for volatile substances. 
The methods of molecular-weight determination used for substances that 
cannot be vaporized are described in Chapter 16. 

The density of a substance which is a gas under ordinary conditions 
is usually determined by the simple method of weighing a flask of known 
volume filled with the gas under known pressure, and then weighing 
the flask after it has been evacuated with a vacuum pump. In ordinary 
work the second weighing may be replaced by a weighing of the flask 
filled with air, oxygen, or other gas of known density. The volume of 
the flask is determined by weighing it filled with water. 


Various refinements of .echnique are needed for accurate work. It ,s customary lo 
counterbalance the flask by a similar sealed flask placed on the other pan of the bal¬ 
ance. In very accurate work a correction mus. be made for die contract,on of the evac¬ 
uated flask resulting from die oou.de pressure. In ordinary work flask, w,d, volumes 
of one or two liter, are used, weighed on a balance w,th an accuracy of 0.1 mg. In deter¬ 
mining the molecular weight of radon in 1911 die Enghsh chem.su Ramsay and Gray 
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had available only about 0.1 mm s of the gas, weighing about 0.001 mg; the weight of 
this sample was determined to within 0.2% by use of a very sensitive micro balance. 


Example 9: Determination of the Molecular Weight of a Substance 
by the Hofmann Method. A chemist isolated a substance in the 
form of a yellow oil. He found on analysis that the oil contained only 
hydrogen and sulfur, and the amount of water obtained when a sample 
of the substance was burned showed that it consisted of about 3% hydro¬ 
gen and 97% sulfur. To determine the molecular weight he prepared a 
very small glass bulb, weighed the glass bulb, filled it with the oil, and 
weighed it again; the difference in the two weighings, which is the 
weight of the oil, was 0.0302 g. He then introduced the filled bulb into 
the space above the mercury column in a tube, as shown in Figure 2-22. 
The level of the mercury dropped to 118 mm below its original level, 
after the oil had been completely vaporized. The temperature of the 
tube was 30° C. The volume of the gas phase above the mercury at the 
end of the experiment was 73.2 ml. Find the molecular weight and 
formula of the substance. 

Solution. The vapor of the substance is stated to occupy the vol¬ 
ume 73.2 ml at temperature 30° C and pressure 118 mm Hg. Its 
volume corrected to standard conditions is seen to be 


73 2 X X 

x 3Q3 x 76Q 


10.24 ml 


One mole of gas at standard conditions occupies 22.4 1; hence the 
number of moles in the sample of the substance is 10.24/22,400 = 
0.000457. The weight of this fraction of a mole is stated to be 
0.0302 g; hence the weight of one mole is this weight divided by 
the number of moles: 


molecular weight of substance = = 66.0 

0.000457 

The substance was found by analysis to contain 3% hydrogen 
and 97% sulfur. If we had 100 g of the oil, it would contain 3 g 
of hydrogen, which is 3 gram-atoms, and 97 g of sulfur, which is 
also 3 gram-atoms (the atomic weight of sulfur is 32). Hence the 
molecule contains equal numbers of hydrogen atoms and sulfur 
atoms. If its formula were HS, its molecular weight would be the 
sum of the atomic weights of hydrogen and sulfur, 33. It is evident 
from the observed molecular weight that the formula is H 2 S 2 , the 
molecular weight of which is 66.15. 
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14-9. The Kinetic Theory of Gases _ 

During the nineteenth uTm^Trcof thT intend>f this motion 

motion and that die 1 £££ “ ‘ Muld be accounted for by consider- 

were developed. The idea that the beha « , ple (Daniel Bernoulli in 

ing the motion of die gas ” ol ~ ul “ ^ ^ and to Oie yean following 1858 this idea 
1738, j. P- Joule in 1851, A,K rong -MM ), clau3iu5 , Maxwell. Boltzmann 

was developed into a detailed *“>*“*“£ in count, in physics and physictd 

J-SS ZZttSZtt of the branch of dteoretica, science called 

a, a given time different spettb ^n found that the average kinetic energy 

'Am.' (m being the mass of a ’Z’^umc for all ga*s at die same temperature, and that 
per molecule, Am[v ]**.«••» . • directly proportional to T. 

S value increases with the at 0° C is 1.84 X 10‘ 

&z=sx sr-gr 55-22 ws 

— - - v—r • “ ~ 

of the square of the quantity. 


308 


The Properties of Gases [Chap. 14] 

Since the average kinetic energy is equal for different molecules, the average value 
of the square of the velocity is seen to be inversely proportional to the mass of the mole¬ 
cule, and hence the average velocity (root-mean-squarc average) is inversely propor¬ 
tional to the square root of the molecular weight. The molecular weight of oxygen is 
just 16 times that of hydrogen; accordingly, molecules of oxygen move with a speed 
just one quarter as great as molecules of hydrogen at the same temperature. The average 
speed of oxygen molecules at 0° C is 0.46 X 10 s cm/sec. 

The explanation of Boyle’s law given by the kinetic theory is simple. A molecule on 
striking the wall of the container of the gas rebounds, and contributes momentum to the 
wall; in this way the collisions of the molecules of the gas with the wall produce the gas 
pressure which balances the external pressure applied to the gas. If the volume is de¬ 
creased by 50%, each of the molecules strikes the walls twice as often, and hence the 
pressure is doubled. The explanation of the law of Charles and Gay-Lussac is equally 
simple. If the absolute temperature is doubled, the speed of the molecules is increased 
by the factor V2. This causes the molecules to make VJ times as many collisions as 
before, and each collision is increased in force by v^2, so that the pressure itself is doubled 
by doubling the absolute temperature. Avogadro’s law is also explained by the fact 
that die average kinetic energy is the same at a given temperature for all gases. 

The Effusion and Diffusion of Gases; the Mean Free Paths of Molecules. There 
is an interesting dependence of the rate of effusion of a gas through a small hole on the 
molecular weight of the gas. The speeds of motion of different molecules are inversely 
proportional to the square roots of their molecular weights. If a small hole is made in 
the wall of a gas container, the gas molecules will pass through the hole into an evacuated 


An inverted beaker containing 
hydrogen is lowered over 
a porous cup. 

y 





Hydrogen 
diffu ses into 
cup faster 
than air 
diffuses 
out. 




Increased 
pressure 
in the bottle 
causes a 
fountain. 


water 


FIG. 14-3 

Experiment illustrating the greater rate of 
effusion of hydrogen than of air. 
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of their attraction at this high temperature (relative to the boiling point, 
—252.8° C) being extremely small. 

At pressures below 120 atmospheres nitrogen (at 0° G) shows negative 
deviations from ideal behavior, intermolecular attraction having a 
greater effect than the finite size of the molecules. 

The deviation of hydrogen and nitrogen at 0° C from ideal behavior 
is seen to be less than 10% at pressures less than 300 atmospheres. 
Oxygen, helium, and other gases with low boiling points also show small 



FIG. 14-4 The value of the product p V/nT for some gases , showing devia¬ 
tion from the perfect-gas law at high pressures. 

deviations from the perfect-gas law. For these gases the perfect-gas law 
holds to within 1% at room temperature or higher temperatures and at 
pressures below 10 atm. 

Larger deviations are shown by gases with higher boiling points— 
in general, the deviations from ideal behavior become large as the gas 
approaches condensation. It is seen from the figure that for carbon diox¬ 
ide at 60° C the volume of the gas is only about 30% as great at 120 atm 
pressure as the volume calculated by the perfect-gas equation. 

If the temperature is low, the deviations are shown in a pronounced 
way by the condensation of the gas to a liquid (see the curve for carbon 
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dioxide at 0° C). After carbon dioxide has been compressed to about 
40 atmospheres at 0° C, the effect of the attraction of the molecules or 
one another becomes so great that they cling together, forming a hqu.d 
the system then consisting of two phases, the gaseous phase and the 
liquid phase. On further compression the volume decreases without 
change in pressure (region A of the figure) until all of the gas is con¬ 
densed (point B). From point B on the volume of the liquid decreases 
much less rapidly with increase in pressure than would that of a gas, 
because the molecules of the liquid are effectively in contact; hence the 

e ™ ». •»' -- ' “1 

gaseous states, was discovered about eighty years ago by T^homas 

Andrews (1813-1885). He found that above a temperature charactcr- 

Jfic of the gas, called the critical temperature, the transition .rom the 

gaseous state to the liquid state occurs without d-commuuy on mo c 

fng the pressure. The critical temperature of carbon d.ox.dc is 31 1 L . 

Above this temperature (at 60“ C, for example, corresponding to the 

curve shown in the figure), the properties of the _ 'S 

continuously, showing Jio signs jlwt^^^g^^tas^condcns^cMo 200^alili 

Nevertheless, w e ( .P_ car , )on dioxide liquid, rather than like a gas 
(region* 13 of Figure 14-4). 1. is, indeed, possible to change from the 

tabi.e 14-3 Critical Comtants oj Some Substances _ 


GAS 

CRITICAL 

TEMPERATURE 

Helium 

- 267.r C 

Hydrogen 

-239,9’ 

Nitrogen 

Corbon mono«i4« 

-147.1“ 

-139' 

Argon 

-122“ 

Oaygen 

-118.8 

Methone 

-82.5 

Carbon dio»ide 

31.1 

Ethane 

32.1 

Nitrous o*ide 

36 5 

Ammonia 

132.4 

Chlorine 

144.0 

Sulfur dioaide 

1 57.2* 

Woter 

374.2® 


CRITICAL 

PRESSURE 


2.26 aim 
12.8 

33.5 
35 
48 

49.7 

45.8 
730 
48 8 
717 

111.5 

76 1 
77.7 
218.4 


CRITICAL 

DENSITY 


0.0693 g cm' 
.031 
.31 
.31 
.53 
.43 
.16 
46 
.71 
4*. 

.74 
.b7 
>7 
.33 


_I 
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gas at 0° C and 1 atm pressure to the liquid at 0° C and 50 atm either 
by the ordinary process of condensing the gas to the liquid, passing 
through the two-phase stage, or, without condensation or any discon¬ 
tinuity, by heating to 60°, increasing the pressure to about 200 atm 
cooling to 0°, and then reducing the pressure to 50 atm. The liquid 
could then be made to boil, simply by reducing the pressure and keeping 
the temperature at 0° C; and then, by repeating the cycle, it could be 
brought back to 0° C and 50 atm pressure without condensation, and 
be made to boil again. 

Values of the critical temperature, critical pressure, and critical 
density of some substances are given in Table 14-3. 

The possibility of continuous transition from the gaseous to the liquid 
state is understandable in view of the mutual characteristic of random¬ 
ness of structure of these phases, as discussed in Chapter 2. It is, on the 
other hand, difficult to imagine the possibility of a gradual transition 
from a disordered state (liquid) to a completely ordered state (crystal); 
and correspondingly it has not been found possible to crystallize sub¬ 
stances or to melt crystals without passing through a discontinuity at the 
melting point- there is no critical temperature for melting a crystal. 
A continuous transition from a solid state to a liquid state docs occur 
for some substances (silica, various silicates and borates, etc.), but the 
solid states are not crystalline. In these non-crystalhne solids the molecules 
are randomly arranged, as in a liquid, and are frozen in place, held by 
surrounding molecules. A substance of this nature is called a supercooled 
lif/uid or «/*«; it is a liquid with such high viscosity that it can no longer 
change its shape. 


Exercises 

M-l. I lit* volume of a sample of gas is 124.8 ml a* 250° C. What is its volume at 
125" C under the same pressure? 

M-2. Cal' ul.it'* th<- volume occupied at 20° C and I atm pressure by the gas evolved 
horn I . m* of solid carbon dioxide (density 1.53 g 'cm'). 

14-3. II..* density of helium at 0° C and 1 atm is 0.1785 g I. Calculate its density 

at Phi’ l: and 200 atm. 

14-4. A vessel is tilled with hydrogen at a pressure of 1 atm at 25° C. What pressure 
is then* in the vessel at 21° K? What is the density of the gas at the beginning 
and at tin* end of this experiment? 

14-5. What is the volume in cubic feel at standard conditions of one ouncc-molccular- 
weiglit of a gas? * 

' It is interesting in this connection that the master craftsmen of l.ul>cck defined the 
i,iHii e as one one-thousandth of the weight of one cubic foot of icc-cold water. 


Exercises 
14-6. 
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The density of hydrogen cyanide at standard conditions is 1.29 g/l. Calculate 

the apparent molecular weight of hydrogen cyan.de vapor. 

• i . . . • of ?? 4 cu ft. of carbon dioxide at standard 

14 - 7 . What is the weight in ounces ox 44.** cu. 

conditions? 

14-8 The volume of an ordinary hand-operated bicycle pump is about 0.01 cu. ft 
and the volume of a bicycle tire is about 0.06 cu. ft. A, wha, po.- m -h 
stroke of the pump does air start to enter a tire which is at a gauge pressure of 
47 1^. per sq in.? Does the pressure in the tire change more per su-oke when 
the tirc^is at gauge pressure of 50 lbs. per sq. in. than a, 20 lbs. per sq. in.? 

,4 0 At 3 000” K hydrogen gas at a total pressure of 1 atm is 9.03% dissociated 
imo^ hydroge'n atoms. What is the density of the gas? Wha, would the dens.,y 
of the gas a, 1 atm and 3,000” K be if the diatomic molecules d,d no, d.ssoc.ate 

into atoms? 

14 10 At 2 500° K and 1 atm pressure the observed density of CO- gas is 0.1991 g I. 

What is the average molecular weight of the molecules ini the gas. Assuming 
that the molecular weight is decreased because the carbon diox.de has par.ia h 
decomposed into carbon monoxide and oxygen, calculate wha, frac.on of the 
CO» molecules have decomposed in this way. 

,4 „ The heat capacity of an element (a metalloid) is 0.0483 calories per gram 
Calculate a rough value of the atomic weigh, of ,hc elemen,. The hydride of 
^ Clemen, is found to contain 1.555% hydrogen. Wha, are possible val,,.. 
of,he exact atomic weight of the element? From the two expc, .mental d.„a. 
determine the exact atomic weight. 

gas? 

weight of carbon. . . 

of the solid clement at 20° C is 0.031 < al g. 

, • • f m 471 rfTinc tlirnuuli a porous l»l*ite **iurc 

,4-16. Would deuterium (atomic weigh, 2 0147) HI , ^ ^ <f 

X'Z molecul« ,y Whaf wJTte -He relative rate of ... a molecule 

made of one light hydrogen atom and one deuterium atom. 

A piece of meta, 

',‘r Tand thT barometric pr'euure was 745.5 mm. Wha, are possible values 



314 


The Properties oj Gases [Chap. 14] 


14-18. 


14-19. 


14-20. 

14-21. 

14-22. 


14-23. 

14-24. 

14-25. 


of the atomic weight of the element? The heat capacity of the solid element was 
found to be 0.0552 cal/g. Which of the possible values of the atomic we.ght is 

the correct one? 

Why is diffusion normally such a slow process, despite the rapid movement 
of gas molecules? Under what conditions does diffusion take place with the 
speed of molecular motion? 

An nntanir compound was analyzed by combos,ion, and it was found that 
a sample weighing 0.200 g produced 0.389 g of carbon diox.de and 0.277 g of 
water. Another sample, weighing 0.150 g, was found on combust.on to produce 
37.3 ml of nitrogen at standard conditions. What is the emp.r.cal formula of 
the compound? 

A sample of gas weighing 0.1100 g was found to occupy 24.16 ml of volume 
at 25° C and 740.3 mm. Calculate the molecular weight of the substance. 

A sample of gas with volume 191 ml at 20” C and 743 mm was found to weigh 
0.132 g. What is the molecular weight of the gas? What do you think the gas is. 

(a) What volume of oxygen would be required for the complete combustion 
of 200 ml of acetylene, CiH*. and what volume of CO, would be produced. 

(b) Sulfur dioxide. SO,, and hydrogen sulfide, H,S, can be made to react to 
form free sulfur and water. What volume of sulfur dioxide would react in this 
way with 25 ini of hydrogen sulfide? 

Calculate the volume of sulfur dioxide, at standard conditions, that would be 
formed by the complete combustion of 8.00 g of sulfur. 

A sample of a certain hydrocarbon was found to contain 7.75% hydrogen and 
92.25% carbon. The density of the vaporized hydrocarbon at 100° C and 1 atm 
was found to lie 2.47 times as great as that of oxygen under the same conditions. 
What is the molecular weight of the hydrocarbon, and what is its formula. 

A sample of gas collected over water at 25° C was found to have volume 543.0 
ml. the atmospheric pressure being 730 mm Hg. What is the volume of the dry 
gas at scandald conditions? 


Chapter ij 


Water 


Water is one of the most important of all chemical substances. It is a 
major constituent of living matter and of the environment in which we 
live Its physical properties are strikingly different from ‘hose of other 
substances, in ways that determine the nature of the physical and biolog- 

ical world. 


15 - 1 . The Composition of Water 


Water was thought by the ancients to be an element. Cavendish 

in 1781 showed that water is formed when hydrogen is burned in air, 
and Lavoisier f.rst recognized that water is a compound of the 

Cl T m he n, ^ d r C of l* HsO. The relative weights of hydrogen 

to form water. 

Purification of Water by Distillation. Ordinary water is impure; it 
usually contains dissolved ^ .SliT 

dioxide, which dissolves readily from the air. 
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Removal of Ionic Impurities from Water. Ionic impurities can be 
effectively and cheaply removed from water by an interesting process 
which involves the use of giant molecules —molecular structures which are 
so big as to constitute visible particles. A crystal of diamond is an exam¬ 
ple of such a giant molecule (Chap. 10). Some complex inorganic crys¬ 
tals, such as the minerals called zeolites , are of this nature. These min¬ 
erals are used to “soften” hard water. Hard water is water containing 
calcium ion, magnesium ion, and ferric ion, which are undesirable be¬ 
cause they form a precipitate with ordinary soap. The zeolite is able to 
remove these ions from the water, replacing them by sodium ion. 

A zeolite is an aluminosilicate, with formula such as NasAkS^Oit. It 
consists of a rigid framework formed by the aluminum, silicon, and oxy¬ 
gen atoms, honeycombed by corridors in which sodium ions are located. 
These ions have some freedom of motion, and when hard water flows 
over zeolite grains some of the sodium ions run out of the corridors into 
the solution and arc replaced by ions of calcium, iron, or magnesium. 
In this way the hardness of the water is removed. After most of the 
sodium ion has been replaced, the zeolite is regenerated by allowing it 
to stand in contact with a saturated brine; the reaction is then reversed, 
Na + replacing Ca 4 ^, Fe 4 "^, and Mg + + in the corridors of the zeolite. 

The reactions which occur may be written with symbols. If Z is 
used to represent a small portion of the zeolite framework, carrying one 
negative charge, the replacement of calcium ion in the water by sodium 
ion may be written 

2Na+Z~ + Ca+ 4 — Ca++(Z-)« + 2Na + 

When concentrated salt solution (brine) is run through the zeolite the 
reverse reaction occurs: 

2Na + + Ca+UZ ), —» 2Na 4 Z~ + Ca 4 ^ 

The reason why giant molecules—the aluminosilicate framework— 
arc important here is that these molecules, which look like large grains 
of sand, are not carried along in the water, but remain in the water¬ 
softening tank. Small molecules may also be used, but not so conven¬ 
iently. Thus sodium carbonate can be used to soften hard water; it 
causes the calcium ion to precipitate as calcium carbonate: 

Ca 44 + (Na+MCOa)" ' —CaC0 3 1 + 2Na + 

It is then necessary, however, to filter the precipitate, or to allow it to 
settle. 
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[§ 75-7] The Composition of Water 

Both the positive ions and the negative ions can Removed from 
water by a similar method, illustrated in Figure 15- . The first tank, A, 
contains grains which consist of giant organ.c molecules in the form 
of a porous framework to which acidic groups are attached^ The 
groups are represented in the figure as carboxyl groups, -COOH. 


: O—H 

/ 


R—C 



F I G . 1 5 - 1 The "moral oj tons Jr am water by use oj giant mot.rules with 
attached acidic and basic groups. 
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The reactions which occur when a solution containing salts passes 
through tank A may be written as 

RCOQH + Na+ — (RCOO)-Na+ + H + 

2RCQOH + Ca ++ — (RCOO)-,Ca++ + 2H+ 

That is, sodium ions and calcium ions arc removed from the solution 
by the acidic framework, and hydrogen ions arc added to the solution. 
The solution is changed from a salt solution (Na + , Cl — , etc.) to an acid 
solution (H + , Cl“, etc.). 

This acid solution then runs through tank B, which contains grains 
of giant organic molecules with basic groups attached. These groups 
arc shown in Figure 15-1 as substituted ammonium hydroxide groups, 

(RNH.i) + (OH)“: 

H 

I 

R — N — H 

I 

H 

The hydroxide ion of these groups combines with the hydrogen ion in 
the water: 

OH- + H + —H,0 

The negative ions then remain, held by the ammonium ions of the 
framework. The reactions are 

(RNHjnOH)- + a- + H + — *- (RNH 8 )+C1- + H,0 
2(RNH) 3 +(OH)- + SO" + 2H+ — (RNH 3 )+t(SQ 4 )" + 2H 2 0 

The water which passes out of the second tank contains practically 
no ions, and may be used in the laboratory and in industrial processes 
in place of distilled water. 

The giant molecules in tank A may be regenerated after use by passing 
a moderately concentrated solution of sulfuric acid through the tank, 
to restore the acid'groups: 

2(RCOO)-Na+ + H,S0 4 — 2RCOOH + 2Na + -f S0 4 "’ 

Those in tank B may be regenerated by use of a moderately concentrated 
solution of sodium hydroxide: 

(rnh 3 ) + ci- + oh- —(rnh 3 )+oh- + a- 
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<§ 75-2] The Principle oj Le Chatelier 

15-2 The Principle of Le Chatelier 

The reecho-, d« -cue » *e ££ 

regeneration of the zeolite provi ^ ch&teKcr- Xhis principle, which is 
eral principle the pnacqric ^ Le Chatelier (1850-1936), 

named after the Heno- L oc^ of a system , 

tion is 

2Na + Z - + Ca ++ — C^{Z-h + 2Na* 

After a large amount^ol^occurs; itaJy 
no further for th e existence of the steady state 

r^uSTu^ possibility of the reverse reaction: 

>- 2Na + Z 


2Na + + Ca++(Z-)» 


+ Ca 


++ 


Even . «, few — h-I. £ -J 

zeolite to cause this reaction ; Qn in thc water and 

the concentrations of calci (hc ratc al wh ich calcium ion is 

hound into thc zeolite arc s ^ lhc ra , c at w hich sodium ion is 

by a single equation, with a double arrow. 

2Na + Z" + Ca*+ *=*= C.S'Wh + 2Na * 

. bv ,hc addition of a large quantity 

If, now, conditions arc chang V lddilion Q f a concentrated 

of sodium ion, in high 1 , n W ay stated by Le Chatclier s 

salt solution), the cquihbriu reduces the concentration of 

pH-dph,---»ar. » •!>" .he Hi: .he -hi,- 

sodium ion in thc solution. I his is me 

zeolite is thus regenerated equilibrium and the rale of chem- 

Thc quantitative study f ’ I9 ant , 20. It is often possible 

ical reactions will be taken up 1 . u t 1 chemical system, how- 

to reach a useful qualitative collusion about .. . h^ ^ ^ wl . 

a chemical reaction may be made to proceed 
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first in one direction and then in the opposite direction by changing 
the concentration of one or more of the reacting substances. 


15 — 3 . The Ionic Dissociation of Water 

An acidic solution contains hydrogen ions, H + (actually hydronium ions, 
H 3 0 + ). A basic solution contains hydroxide ions, OH”. A number of 
years ago chemists asked, and answered, the question, “Arc these ions 
present in pure neutral water?*’ The answer is that they are presenf, 
in equal but very small concentrations. 

Pure water contains hydrogen ion9 in concentration 1 X 10~ 7 mole 
per liter, and hydroxide ions in the same concentration. These 
ions are formed by the dissociation of water: 

H 2 0 *=±H+ + OH- 

Whcn a small amount of acid is added to pure water the concen¬ 
tration of hydrogen ion is increased. The concentration of hydroxide 
ion then decreases, hut not to zero. Acidic solutions contain hydrogen ion 
in large concentration and hydroxide ion in very small concentration. 
The equation connecting these concentrations is discussed in Chapters 
20 and 21. 


15 — 4 . The Physical Properties of Water 

Water is a clear, transparent liquid, colorless in thin layers. Thick 
layers of water have a bluish-green color. 

The physical properties of water arc used to define many physical 
constants and units. The freezing point of water (saturated with air at 
1 atm pressure) is taken as 0° C, and the boiling point of water at 1 atm 
is taken as 100° C. The unit of mass in the metric system is chosen so that 
1 cm* of water at 4° O (the temperature of its maximum density) weighs 
1.00000 gram. A similar relation holds in the English system: 1 cu. ft. 
of water weighs approximately 1,000 ounces. 

Most substances diminish in volume, and hence increase in density, 
with decrease in temperature. Water has the very unusual property of 
having a temperature at which its density is a maximum. This temper¬ 
ature is 4° C. With further cooling below this temperature the volume 
of a sample of water increases somewhat (Fig. 15-2). 

A related phenomenon is the increase in volume which water under- 
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goes on freezing. These properties are discussed in detail in the last 
section of this chapter. 



15 - 5 . The Melting Points and Boiling Points of Substances 

All molecules exert a weak attraction 

.ion. th o electronic ran dec i" 

action of the electrons and molecule for the electrons 

of another, which is largely . • nuclei. The van dcr 

pulsion of electrons by arc very close 

Waals attraction is sigmf « y another For monatomic molc- 

together almost in contact with on* anothc^ . f invcrscIy 

culcs, such as those of a no > <* t * distance between the centers 

proportional to the sevent pow when the molecules 

of the molecules, and hence ,s 1* distances (about 

are 10 A apart as when ‘^.“^^urac.ion is balanced by a force 
^S^r^ne,ration of the outer electron shells of the 

molecules (Fig. 15-3). 











Van der Waals attraction just 
balanced by repulsive forces due to 
interpenetration of outer electron shells 


FIG. 15-3 Diagram illustrating van der Waals attraction and repulsion 
in relation to electron distribution oj monatomic molecules oj argon. 
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condense to liquids and f h amQ unt of molecular agita- 

atures. The boiling point -a measure of the^ ^ and 

tion necessary to overcom , f . forces In general the 

hence is an indication of the ^,T^ m JecuiTinZses with increase in 
electronic van der Wools attraction ewe .j , wit h the molecular 

the number of electrons per molecule -that is, roughly 



w**.—» (-T'-r trj - c 

poke, or»™ «**«*»• TkT X,, Rii -d Hi, F„ 

boiling point for scqu.nccs suc 1, ^ ^ ^ ^ incrcasc in lh c numlirr ol 

—c atomic number) in the molecule is shown 
by thc following sequences: 
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A Cl* P 4 S 8 



b.p.: 

-185.7° -34.6° 280°' 444.6° C 




Ne F* CF 4 SF e 

if 7 

OsF 8 

b.p.: 

-245.9° -187° -128.1° -62° 

4.5° 

47.5° C 


The Effect of Molecular Dipoles on Boiling Point. The molecules 
which have been discussed above have simple structures, such that the 
center of positive electric charge coincides with the center of negative 
electric charge. In carbon tetrafluoride, for example, the four very 
electronegative fluorine atoms assume some negative charge, by attract¬ 
ing the bonding electron pairs more strongly than does the carbon atom, 
but their tetrahedral arrangement around the carbon atom causes their 
center of charge to coincide with the carbon atom. On the other hand, 
in nitrogen trifluoride, NF S , the three fluorine atoms lie to one side of 
the nitrogen atom, and the partial ionic character of the N—F bonds 
hence causes the molecule to have a permanent electric dipole moment.* 
The interaction of the electric dipole moments of two molecules in rela¬ 
tive position such that the positive end of one molecule is near the nega¬ 
tive end of another gives rise to an attractive force in addition to the 
usual electronic van der Waals attraction, and so causes an increase in 
boiling point. This is seen in the following sequence: 

CF 4 NF, OF* F* 

b.p.: -128.1° -129° -144.8° -187°C 

Carbon tetrafluoride and fluorine have no dipole moments. The boiling 
points of nitrogen trifluoride and oxygen fluoride are seen to be about 
19° and 22°, respectively, greater than values predicted by interpolation; 
these increases in boiling point are due to the electric dipole moments 
of the molecules—that of nitrogen trifluoride is greater than that of 
oxygen fluoride because nitrogen and fluorine differ more in electro¬ 
negativity than do oxygen and fluorine. 

Bond Type and Atomic Arrangement. It has sometimes been thought 
that an abrupt change in melting point or boiling point in a series of 
related compounds'could be accepted as proof of a change in type of 
bond. The fluorides of the elements of the second period, for example, 
have the following melting points and boiling points: 

NaF MgF, A1F 3 SiF 4 PF 6 SF fl 

m.p.: 980° 1,400° 1,040° -77° -83° -55° C 

b.p.: very high. —96° —75° — 64° C 

• The magnitude of the electric dipole moment of two charges +e and — e a distance 
<1 apart is detined as tie. 
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The great change between alum^ 

!£2K ==*— -e- - - 

ma l covalent bonds M : F : -but rather to a change in atom.c arrange- 

nt The three easily volatile substances exist as discrete molecules 

P? and SF t (with no dipole moments) in the liquid and crystalline 
SiF«, P* s> ana ar 6 \yt\m r thermal aeitation 

SSsSSSgSraS 

crystal together (NaF, sodium chloride arrangement. F,g. 4. Mg*.. 


FlO. 15-5 

Molecules of silieon „t,aftum.de ,d.o,phmu, 
pentafluonde, and sulfa, hexaftum.de, three uola- 

tile substanrrs. 



: 
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FIG. 15-6 

The structure of magnesium fluoride; this 
substance has high melting point and 
boiling point. 


Fig. 15-6). To melt such a crystal some of these strong bonds must be 
broken, and to boil the liquid more must be broken; hence the melting 
point and boiling point arc high. 

The extreme case is that in which the entire crystal is held together 
by very strong covalent bonds; this occurs for diamond, with melting 
point 3,500° and boiling point 4,200° C. 


The Dependence of Melting Point on Molecular Symmetry. The foregoing 
discussion has indicated that the melting points and boiling points of substances are 
determined by several factors. One of these is the symmetry of the molecules, which 
has a pronounced effect on the melting point, but not on the boiling point: the greater 
the symmetry of the molecule, the higher the melting point of the substance. This effect 
is shown by many organic compounds, and it is strikingly evident for the series of tetra¬ 
hedral molecules CF«, CFjCI, CF-GU, CFClj. CCI* (Fig. 15-7). The boiling points of 
these substances arc very nearly a linear function of the number of chlorine atoms in 



FIG. 15-7 

The effect oj molecular symmetry on melting 
point. 
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the molecule, but the meldng points show a P£"°^ ^anTthThquid s,a7e, 

-nti, can be explained m .‘Vndomnc* of molecular arrangement, the 
v'hich have structures characlcr ^ C CQuiva i cm to one another. In the crystal, how- 
molecules with different symmetry q a can fi t into its place in the crystal 

ever, there is a striking difference: a mo c * through 180° around the indicated 

in only two ways (diticrmgmrouuon^ tire 0 , 0 !^ £ ^ rf wbsunce in 

axis), whereas a molecu.c of C j ■ V* through the carbon and 

three ways (differing by rotation through 10 ^arou^a ^ ^ ways . At the 

chlorine atoms), and a molecule • n lh c crystal and the liquid, equal num- 

melting point, when there ts equ.Ubnum^ themselves to it. The chance 

bers of molecules must be leaving , „ on is ,h c same for a molecule 

of leaving the crystal under the^"^ta, the chance of striking the co stal 
of high symmetry as to, one _of o > ^ ^ mokculc of hjgh symmetry than for 

in suitable orientation » ««*“* wi|h m „| c cules of high symmetry crystalltxe 

that of low symmetry. Hence tha| - s , hcy havc higher melting point, 

more readily than those o ow ^ cauSeS an increase in melting point 

Relative to CF,Cl, (symmetry number 2). Am o fof C F,CI and CFCI, 

of 57° for CF« and CCI. (symmetry number 12), and ol atx> 

/fvmmetry number 3). 

15 - 6 . The Hydrogen Bond—the Cause of the Unusual 
Properties of Water 

The unusual properties of water strongIv ' Tim power 

- isSK asr: -Jw 

bond. 

TW *b».™.t Melting - ■£. 

variation for a snicso g ‘ | f or the other sequences. The 

S 1 H 4 , OeH 4 , and Snll*. hut is- H ‘ ^ H s show lhc expected 

curves through the value’s of about -. 00 ° C 

.rend, but when extrap. la.ed > jn( and boiling !>”>'» * 

and —80 C, respectively, for 'point is 100° greater, and 

water. The observed value i(rr than would be expected for 

,ha ; ; r if 'uwct ,n a normal S subs,ant.and hydrogen fluoride and am- 

monia show similar, but smaller, deviations. 

a r n The hydrogen ion is a bare nucleus, with charge 

The Hydrogen Bond 1 Y < . xlrrmc ion i. structure. could 

+ 1. I( hydrogen fluoride y nr. 



328 


Water [Chap. 15\ 

be represented as in A of Figure 15-9. The positive charge of the hydro¬ 
gen ion could then strongly attract a negative ion, such as a fluoride 
ion, forming an [F“H + Fr]“ or HF 2 ” ion, as shown in B. This does indeed 
occur, and the stable ion HF 2 “, called the hydrogen difluoride ion , exists 



i l(i. 13-8 \tilting /point* and hotlmg points oj hydrides oj non-metallic 
rlrmmts, dancing abnormally high calues Jot hydrogen fluoride, water, and 
ammonia, maud hy hydrogen-bond formation. 

in considerable concentration in acidic fluoride solutions, and in salts 
such as KfIF., |>otassium hydrogen difluoridc. The bond holding this 
complex ion together, called the hydrogen bond, is weaker than ordinary 
ionic or covalent bonds, but stronger than ordinary van der Waals 
forces of intcrmolecular attraction. 

Hydrogen bonds arc also formed between hydrogen fluoride mole- 



[§ 15-6 ] The Hydrogen Bond—Cause oj the 

FIG. 15-9 

The hydrogen fluoride molecule (A) and the hy¬ 
drogen dfluoride ion , containing a hydrogen 

bond (B). 


Unusual Properties oj Water 329 




H*« 


. • F': J 



a & 


causing the gaseous substance to be largely polymerized into the 
rn^uTar P 8 edes H,F„ H,F„ H.F., H 4 F S , and H.F., The last of th«e 
seems to be’especblly stable, probably 

extra hydrogen bond by -ore 

strongly to one^f the two electronegative atoms which it holds together 




.* • • • ® 


.v." >: 

' >4 


H fc F. 


FIG. 15-10 Som* polymers oj hydrogen fluoride. 
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than to the other. The structure of the dimer of hydrogen fluoride may 
be represented by the formula 
F~—H + —F“—H + 

in which the dashed line represents the hydrogen bonding. 

Because of the electrostatic origin of the hydrogen bond, only the most 



FIG. 15-11 A small patl of a crystal of ice. The molecules above ate 
shown with approximately their correct size (relative to the interatomic 
distances). .Vote hydrogen bonds , and the open structure which gives ice its 
low density. I he mole, ides below are indicated diagrammatically as small 
spheres Jor oxygen atoms and still smaller spheres for hydrogen atoms. 
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electronegative atoms- fluorine, oxygen, nitrogen-form these bonds 
Usually In unshared electron pair of the attracted atom approach^ 
closely to the attracting hydrogen ion. Water is an cspec-aHy su, able 
substance for hydrogen-bond formation, because each molecule has two 
attached hydrogen atoms and two unshared electron pairs, and henc 
cln form four hydrogen bonds. The tetrahedral arrangement of the 
shared and unshared electron pairs causes these four bonds «o extend 
in the four tetrahedral directions in space, and leads to he cha ™ctc 
Sic C^l structure of icc (Fig. 15-11). This structure towh.ch each 

° SKi ouc^S: this effect, ,„d cause — » beg.u to 
show the usual decrease in density with increasing temperature 

mmmmm 

substances with dielectric constants ^ han 4 0 an ^ 

&=£ - * - 

substances polymerize through hydrogen-bond formation. 


Exercises 

, S-1. Write the fundamental chemical equations for the «*rnin R of water by a *eo- 


15-2. 


15 - 3 . 


litc, and the regeneration of the zeolite. ,, ie 

Write the fundamental <*"mica'l^^bangc" jTwhy do you suppose 

ionic impurities m ,^' s ,.rr f c! r ed ,o distillation by factories for the preparation 
this process is sometimes | ^ (hink „ simplest method -f deter- 

l^gwtnrXrbcrs in tan.es A and I. of figure IS-, arc saturated w„h 

ion , and should be regenerated. ^ ^ ^ Uyers? whj , 

wouldt^apparen; clTof a very thin layer of bromine. 



332 Water [Chap. 75] 

15-4. Is it" true that a liquid made of heavy molecules has a higher boiling point 
than one made of light molecules because the gravitational attraction between 
heavy molecules is greater than the gravitational attraction between light 
molecules? 

15-5. Describe briefly the forces responsible for the attraction between molecules. 

15-6. Ethane, C^H*. boils at -88.3° C, and hexafluorcthane, CtF*, at -79° C. What 
would you predict about the boiling point of CFjCHa? 

15-7. What properties of solid, liquid, and gaseous hydrogen fluoride can Vou explain 
on the basis of the hydrogen bond? 

15-8. Why are there no strong hydrogen bonds in crystalline phosphine, PHa? 

15-9. Explain the effect of the hydrogen bond on the density of ice and water. 

15-10. Try to correlate all the pertinent information in this chapter and preceding 
chapters to explain why water is a good solvent for ionic salts. 


Chapter 1 6 


The Properties 
of Solutions 


One of the most striking properties of water is its ability to dissolve many 
substances forming aqueous solutions. Solutions are very important kinds 
S^auer-impor,ant ? for indus,^ and for life. The ocean is an aqueous 
solution which contains thousands of components: ions of the metals 
and non-metals, complex inorganic ions, many different organic sub¬ 
stances It was in this solution that the first living organisms developed 
and from it that they obtained the ions and molecules needed for their 
growth and life. In the course of time organisms were evolved which 
f ou id leave this aqueous environment, and move out onto the land and 
into the air They achieved this ability by carrying the aqueous solution 

taining the necessary supply of ions and molecules. 

The properties of solutions have been extensively studied, and t has 
heen found that they can be correlated in large part by some simple 
Lws. These laws and some descriptive information about solutions are 

discussed in the following sections. 


16 - 1 . Types of Solutions. Nomenclature 


In C'haDtcr 2 a phase was defined as a homogeneous part of a system. 
In Chapter p h sicai boundaries. A solution .. a phase 

separated from other part y p Y ^ ^ nQ[ jfaMy ml „ co „. 

walcr Z carbon (.. coo.aio, o.bcr 
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molecular species also—H 2 C0 3 , H + , HC0 3 “—but since these are readily 
convertible into water and carbon dioxide they are not specified as 
additional components.) Coinage silver is a solid solution or crystalline 
solution of silver and copper. 

Gaseous hydrogen fluoride contains several molecular species, HF, 
H 2 F 2 , H 3 F 3> H 4 F 4> etc.; but since these are readily interconvertible, it is 
customary not to consider it to be a gaseous solution. On the other hand, 
a gas containing the molecules 0 2 and 0 3 is considered to be a solution 
of oxygen and ozone, since the rate of interconversion of the two sub¬ 
stances is small. 

If one component of a solution is present in larger amount than the 
others, it may be called the solvent; the others are called solutes. 

The concentration of a solute is often expressed as the number of 
grams per 100 g of solvent or the number of grams per liter of solution. 
It is often convenient to give the number of gram formula weights per 
liter of solution (the formality ), the number of gram molecular weights 
per liter of solution (the molarity ), or the number of equivalent weights 
per liter of solution (the normality). Sometimes these are referred to 
1,000 g of solvent; they arc then called the weight-formality, weight-molar¬ 
ity , and weight-normality , respectively. 

Example 1. A solution is made by dissolving 64.11 gof Mg(N0 3 ) 2 -6H 2 0 
in water enough to bring the volume to 1 1. Describe the solution. 

Answer. The formula weight of Mg(N0 3 ) 2 -6H»0 is 256.43; hence 
the solution is 0.25 /** (0.25 formal) in this substance. The salt is, 
however, completely ionized in solution, to give magnesium ions 
Mg'* and nitrate ions N0 3 “. The solution is 0.25 M (0.25 molar) 
in Mg'* and 0.50 M in N0 3 ~. It is also 0.50 N (0.50 normal) in 
Mg ++ and 0.50 N in N0 3 “ 

1’or some purposes concentrations of the components of a solution arc 
described by values of their mole fractions. The mole fraction of a com¬ 
ponent or molecular species is the ratio of the number of moles of that 
component or molecular species to the total number of moles. The sum 
of the mole fractions of all the components or molecular species is thus 
equal to unity. 

Example 2. What arc the mole fractions of tin* components of ordi¬ 
nary 95% ethyl alcohol? 

Answer. Each 100 g of this solution contains 95 g of ethyl al¬ 
cohol (C-HiOH, MW 46.05) and 5 g of water (H 2 0, MW 18.02). 
The number of moles of alcohol per 100 g of solution is 95/46.05 = 
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2.062; thc numher of moles of ^^^/^."of alcohol is 

ri 2 . 062 /^ 340 1 =°0-881that of water is * = 0.278/2.340 = 
0.119. Note that *i + ~ 1.000. 

, _ that a i M aqueous solution cannot be made up 

It is worth noting that a q in 11 of water, because the 

accurately by dissolving one diffc rent from that of the solvent, 

volume of the solution is i i S volumcs of the components; for exam- 

s;""—; »“«• - r-—- v,,u ” ,or 

important solutions are given in reference book.. 

16 - 2 . Solubility 

passage of time. .... . contains a solution and another phase 

If the system in equilibrium solution in ,hc form of a pure 

which is one of the components of ^ ^ soMion is called 

substance, the c ° ncc " ,r ^'°" ^ solution is called a saturated solution. 

‘he solubility of the u of borax containing 1.3 g of anhydrous 

For example, at 0 ^ a R in ]0 0 g of water is in equilibrium with 
sodium tetraborate, Na, 13,0, m » tctrabor atc decahydra.e: on 

‘sunSg 

r ,Tg n of n Na°B"r InT", correcting for the water of hydration, 

2.5 g of Na,B«0, • 1 OHjO per 100 g. 

• u Cftisa Phase The solubility of Na,B«O v • 10H*O »n- 
Change in the Solid Phase. mnpr!ktuTQ * at 60° it is 20.3 g of 

creases rapidly witli incrcasing P m u hcatcd lo 70° and held 

Na 2 B 4 0 7 per 100 g (Fig- 16 ‘ l . ) * nom< . non occurs . A third phase appears, 

there for some time, a new p B.O--5H O, and the other solid 

a crystalline phase with comp^-NaJ of lhc decahydrate 

phase disappears. At this ten p ^ a so | ul ion saturated with the 

isssr . jesses 

cauir the p-occ* Of cry...ni«.ion to be E .n. 




the unstable phase and crystallization of the stable phase will then 
continue until none of the unstable phase remains.* 

bcloVS 1 S ° ,he . decah y dra,e « less soluble than the pentahydrate 

sot hr! ’ ‘ S r'" 0 ' thC S,ab ' e phase below ,his temperature The 

heint U ^ e# ° f ,hC ,W ° hydra,cs cross at 61°, the pentahydrate 
being stable in contact with solution above this temperature. 

Thus rhomhl If ^ , S ° lva, , ion may «*ur in the stable solid phase. 

Itr Sf ,e SO ' VentS tha " is «■« ii- 

the two forms; above this temperature the monoclinic form fs thTlc" 
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FIG. 16-2 Solubility Of sodium sulfate in water. 

The third hydrate of sodium tetraborate kernitr r r» au r\ • 
the other phases. ' * * is more soluble than 
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i The orinciples of thermodynamics require that the temper- 

curves intersect. 





FIG. 16-3 


Solubility turves Jot some salts in water. 


NaiSO.- IOHjO (the stab.e so.id phase 

idly with increasing tcmperatu rc * « ^ phasc is Na.SO,; 

2 s. incrcasing ,l ' mpora ' 

lU Mosrsalts^show increased ^oluhili'Y ^ith 

good number (Nad, ^'^ch a VaS/and Na.CO, H.O, 

increase in temperature; and a ^w suen 

a quantitative reiation 


1 




338 


The Properties of Solutions [Chap. 16] 

between the change in solubility with temperature of a substance (its 
temperature coefficient of solubility) and its heat of solution , the heat evolved 
as the substance goes into solution in the solvent. If the heat of solution 
of a solid substance is positive (that is, if heat is evolved on solution) 
the solubility of the solid decreases with increasing temperature, and if 
the heat of solution is negative the solubility increases. This rule is a 



FIG. 16-4 .Solubility turrn f«r salts forming two or three hydrates. 


solute and solution is in equilibrium at a certain temperature, and the 
temperature is raised, the equilibrium will shift in the direction that 
moves the system toward its original temperature. This shift will involve 
the transfer of more solute into the solution if the heat of solution is 
negative, or the reverse process if the heat of solution is positive. Con¬ 
sider a solid in equilibrium with its saturated solution at one temper¬ 
ature. Let the temperature be increased somewhat. If the heal of solu¬ 
tion is negative (heat being absorbed on solution), the system would 
be cooled in case that some of the solid phase were to dissolve, and the 
temperature would then drop back toward the original temperature. 
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Hence this process will occur, and the solubility thus increases with 

solubility have negative heats of solution in water. For example, the 
heat of solution of Na s SO,-10H 3 O in water is -^ kca Per gram for¬ 
mula weight. The formal heat of solution of sodium chloride is 1.3 
and that of Na 2 SO* is 5.5 keal. 

The Dependence of Solubility on the Nature of Solute and Solvent 
Substances vary gready in their solubilities in various solvents. Then 
arc a few general rules about solubility, which, however, apply m th< 
main to organic compounds. One of these rules is tha, a subsonc, ""t 
to dissolve in solvents which are chemically sirrnla, lo,t. For example, the h - 
carbon naphthalene, C,„H., has a high solubility m S^ohne wh.ch is a 
mixture of hydrocarbons, a somewhat smaller solubility in ethyl alcohol, 
SsOH whose molecules consist of short hydrocarbon chains with 
hydroxyl' groups attached, and a very small solubility in water, which 
is much different from a hydrocarbon. On the other hand boric acid. 
d(oh), a hydroxy compound, is moderately soluble in both water and 
So. and insoluble ingasoline. In fact, the three solvents themselves 
show the same phenomenon-both gasoline and water are miscible with 

(soluble in) alcohol, whereas gasoline and water dissolve in each othe 

I, .he following. Hyd^.-bon group, 

attract hydrocarbon groups only weakly, as is shown by the low n < S 
and boiling points of hydrocarbons, relative to other substances with 
similar mtdccular weights. On the other h?nd, hydroxyl groups anc 
water molecules show very strong intermodular attraction; the melting 
point and boiling point of water arc higher than those of any o.hc, . u >- 
tance with low molecular weigh,. This strong attraction is due o the 
... , • ■ character of the O—H bonds, which places clcctru.il 

charges on the atoms. The positively charged hydrogen atoms are then 
aUracTcd to the negative oxygen atoms 

hydrogen bonds and holding the molecules firmly tog, the (Chap. .1. - 
The reason that the substances such as gasoline or naphthalene do no 
dissolve in water is tha, their molecules in solution would prevent water 

because th/rup.ure of the hydrogen bonds between water molecules 
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in pure water (as well as of the hydrogen bonds between boric acid 
molecules in the boric acid crystal) is compensated by the formation of 
strong hydrogen bonds between the water molecules and the hydroxyl 
groups of the boric acid molecules. 

16—3. Solubility of Salts and Hydroxides 

In the study of inorganic chemistry, especially qualitative analysis, it is 
useful to know the approximate solubility of common substances. The 
simple rules of solubility arc given below. These rules apply to com¬ 
pounds of the common cations Na + , K 4 , NH« + , Mg' 4-4- , Ca 44 , Sr 4 " 4 ", 
Ba 44 , Al 444 , Cr 444 , Mn^ Fc 44 , FC 444 , Co 4 " 4 , Ni 44 , Cu 44 , Zn 44 , 
Ag 4 , Cd 44 , Sn 44 , Hga 44 , Hg 44 , and Pb 44 . By “soluble” it is meant that 
the solubility is more than about 1 g per 100 ml (roughly 0.1 M in the 
cation), and by “insoluble” that the solubility is less than about 0.1 g 
per 100 ml (roughly 0.01 M ); substances with solubilities within or 
close to these limits arc described as sparingly soluble. 

Class of mainly soluble substances: 

All nitrates are soluble. 

All acetates arc soluble. 

All chlorides , bromides , and iodides arc soluble except those of silver, 
mercurous mercury, and lead. PbCl 2 and PbBr* arc sparingly soluble in 
cold water (1 g per 100 ml at 20°) and more soluble in hot water (3 g, 
5 g, respectively, per 100 ml at 100°). 

All sulfates arc soluble except those of barium, strontium, and lead. 
C’aSO*, Ag 2 S0 4 , and Hg 2 SQ 4 arc sparingly soluble. 

All salts of sodium , potassium , and ammonium are soluble except 
NaSb(OH) 6 , K 3 Co(N0 2 ) 6 , K 2 PtCl«, (NH 4 ) 2 PtCI 6> and (NH 4 ) 3 Co(N0 2 ) fl . 

Class of mainly insoluble substances: 

All hydroxides are insoluble except those of the alkali metals, ammo¬ 
nium, and barium. Ca(OH) 2 and Sr(OH) 2 arc sparingly soluble. 

All normal carbonates and phosphates are insoluble, except those of the 
alkali metals and ammonium. Many hydrogen carbonates and phos¬ 
phates, such as Ca(HC0 3 ) 2 , Ca(H 2 P0 4 ) 2 , etc., are soluble. 

All sulfides except those of the alkali metals, ammonium, and the 
alkaline-earth metals are insoluble.* 


• The sulfides of aluminum and chromium arc hydrolyzed by water, precipitating Al(OH)i 
and Cr(OH)*. 
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16 - 4 . The Solubility of Gases in Liquids: Henry’s Law 


Air is somewhat soluble in water: at room temperature (20 C) one 
liter of water dissolves 19.0 ml of air at 1 atm pressure (The amount 
of dissolved air decreases with increasing temperature.) If the pressure 
is doubled, the solubility of the air is doubled. This proporuonality of 
the solubility of air to its pressure Ulustrates Henry s law, which may be 
stated in the following way: At constant temperature the partial pressure m 
the gas phase of one component of a solution is, at equilibrium proport tonal to 
the concentration of the component in the solution, in the reg,on of low 

This is equivalent to saying that the solubility of a gas in a liquid propo - 

tional to the partial pressure of the gas. 


Example 3. The solubility of atmospher.c nitrogen in water at 0 C 
is 23 54 ml/1, and that of oxygen is 48.89 ml/1. Air contains 79% N, 
and 21% O, by volume. What is the composition of the dissolved air. 
Answer. The solubilities of nitrogen and oxygen at partial pres- 
• sures 0.79 and 0.21 atm respectively are 0.79 >< 23.54 - 18. 
ml/1 and 0.21 X 48.89 - 10.27 ml/1 respectively. The composition 

' « A / A A 


of ihc dissolved air is hence 
10.27 


18.60 


18.60 + 10.27 


18.60 + 10.27 
- 35.6% oxygen. 


64.4% nitrogen and 


The solubilitie s of most gases in water are of the order of magnitude 
ol that of air. Exceptions are those gases which combine « 
with water or which dissociate largely into ions, including CO, (solu 
bilily 1,713 ml/1 at 0° C), II,S (4,670), and SO, and ML, which a.c 

extremely soluble. 


. . # p • . a Two ^ilvrnll, If a solution of iinliiu' in water 

«"hUoforrm.-. 

f 'T ,,h “ C ” 250 X^a^o^iKbrU dial the distribution ratio of a 
soluu- liclwccn two solv....» “ id ,.«, lhc Nubilities are small 

X luilS ratio .4 a gaseous solu.e between two solve..,s is ,-portion,, 
i., Ilic ratio of its solubilities in ll.c two solvents. 

• VH.H* , N ; awl 1.2% A- 
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The method of shaking a solution with an immiscible solvent is of great use in organic 
chemistry, especially the chemistry of natural products, for removing one of several 
solutes from a solution. In inorganic chemistry it is useful in another way—for deter¬ 
mining concentrations of particular molecular species. Thus iodine combines with iodide 
ion to form the tri-iodide ion: I 3 + I" —>- I»“. The concentration of molecular iodine, 
I 2 , in a solution containing both I 2 and I«~ can be determined by shaking with chloro¬ 
form, analyzing the chloroform solution, and dividing by the distribution ratio. (Tri¬ 
iodide ion is not soluble in chloroform.) 

16 — 5 . The Freezing Point and Boiling Point of Solutions 

It is well known that the freezing point of a solution is lower than that 
of the pure solvent; for example, in cold climates it is customary to add 
a solute such as alcohol or glycerol or ethylene glycol to the radiator 
water of automobiles to keep it from freezing. Freezing-point lowering 
by the solute also underlies the use of a salt-ice mixture for cooling, as 
in freezing ice cream; the salt dissolves in the water, making a solution, 
which is in equilibrium with ice at a temperature below the freezing 
point of water. 

Let us consider what happens as a salt solution (concentration 1 for¬ 
mal, say) is cooled, with solid carbon dioxide, for example. The temper¬ 
ature falls to a little below the freezing point of the solution, —3.4° C, 
and then, as ice begins to form, it rises to this value and remains con¬ 
stant. As ice continues to form, however, the salt concentration of the 
solution slowly increases, and its freezing point drops. When half of the 
water has frozen to ice the solution is 2 Fin NaCl, and the temperature 
is —6.9°. Ice forms, the solution increases in concentration, and the 
temperature drops until it reaches the value —21.1° C. At this temper¬ 
ature the solution becomes saturated with respect to the solute, which 
begins to crystallize out as the solid phase NaCI*2H-..0 (sodium chloride 
dihydratc). The system then remains at this temperature, called the 
eutectic temperature , as the solution freezes completely, without change in 
composition, to form a fine-grained mixture of two solid phases, ice and 
NaCl -2H..O. This mixture is called the eutectic mixture or eutectic. 

It is found by experiment that the freezing-point lowering of a dilute 
solution is proportional to the concentration of the solute. In 1883 the 
French chemist F. M. Raoult made the very interesting discovery that 
the weight-molar freezing-point lowering produced by different 
solutes is the same for a given solvent. Thus the following freezing 
points are observed for 0.1 M solutions of the following solutes in water: 

Hydrogen peroxide HA —0.186° C 

Methanol CH,OH -0.181 
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Ethanol 

Dextrose 

Sucrose 


Point and Boiling Point of Solutions 

CsHsOH -0.183 
C 6 H l2 Oe -0.186 

CiftHttOu -0.188 


The molar freezing-point constant for water has the value 1M'’ C the 
freezing point of a solution containing c moles of solute per 1 , 000 g 
water bemg -1.86 e in degrees C. For other solvents the values of th.s 

constant are shown in Table 16-1. 


table 16-1 




MOLAR* FREEZING- 

SOLVENT 

FREEZING POINT 

POINT CONSTANT 


5.6° C 

4.90° C 


17 

3.90 


40 

7.27 


180 

40 


• Molar - weighl-molor. moU» p«r 1.000 0 of *olvont. 


The Determination of Molecular Weight by the Freezing-Point 
Method The freezing-point method is a very useful way of determin¬ 
ing the molecular weights of substances in solution. Camphor, with its 
lery large constant, is of particular value for the study of organic sub- 

stances. 

Fxamole 4 The freezing point of a solution of 0.244 g of benzoic acid 
iLxampie ° , 9090 ^ anc j .k a t Q f pure benzene 

in 20 g of benzene was observed to be 5.232 C, and tnat 01 P 

to be 5.478°. What is the molecular weight of benzoic acid in 
solution? 

Solution. The solution contains 2 0 

. . „,r t 000 e of solvent. The number of moles of solute 

"per '1 000 g of’solvent is found from the observed freezing-point 

n oz/t® m be ° — = 0.0502. Hence the molecular weight 
lowering 0.240 10 be 4 

is 12.2 = 243 Xhc explanation of this high value (the formula 

0 0502 , . • , n M mOH being 122.05) is that in this 

weight for benzoic acid, C.H.CCKJM, Deing iz ' 

solvent the substance forms double molecules, (C^COOH),. 


0,244 X 1,000 = ,2.2 g of ben- 
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16 - 6 . Evidence for Electrolytic Dissociation 

One of the strongest arguments advanced by the Swedish chemist 
Arrhenius in 1887 in support of the theory of electrolytic dissociation 
was the fact that the freezing-point lowering of salt solutions is much 
larger than that calculated for undissociated molecules, the observed 
lowering for a salt such as NaCl or MgSO, in very dilute solution being 
just twice as great and for a salt such as Na.SO, or CaCl 2 just three 
times as great as expected. 


16 - 7 . Elevation of Boiling Point 

The boiling point of a solution is higher than that of the pure solvent 
by an amount proportional to the molar concentration of the solute. 
Values of the proportionality factor, the molar boiling-point constant , arc 
given in Table 16-2 for some important solvents. 


TABLE 16-2 


SOLVENT 

BOIUNG POINT 

MOLAR BOILING- 

POINT CONSTANT 

.. 

LOO* C 

0.52° C 

Ethyl oleohol. 

78.5 

1.19 

Ethyl ether.. 

34.5 

2.11 

Benzene. 

79.6 

2.65 


Boiling-point data for a solution can be used to obtain the molecular 
weight of the solute in the same way as freezing-point data. 

16 - 8 . The Vapor Pressure of Solutions: Raoult y s Law 

It was found experimentally by Raoult in 1887 that the partial pressure 
of solvent vapor in equilibrium with a dilute solution is directly propor¬ 
tional to the mole fraction of solvent in the solution. It can be expressed 
by the equation 

p = M 

in which p is the partial pressure of the solvent above the solution, po is 
the vapor pressure of the pure solvent, and x is the mole fraction of sol¬ 
vent in the solution, as defined in the first section of this chapter. We 
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may give a kinetic interpretation of this equation by saying that only 
x times as many solvent molecules can escape from the surface of a 

striking the surface of the pure solvent at equilibrium. 

by the following example. 

F«mole 5 A 10-g sample of an unknown non-volatile substance is 
Example o. ^ & r ctream of air is then bubbled 

dissolved in 100 g of benzene C^Astxea ^ ^ (thrQugh 

,hr ° Ug t^n o'f the r ;i,h b^zene vapor) if determined as 1.205 g. The 
saturation of the a . h pur e benzene at the same temper- 

same volume of a- 27 tg What is the molecular weight of the solute? 
ature caused a >°> s ° f h , b evap0 ra.ion of benzene is propor- 

solution (containing 10 g of solute) is 10/*. Hence 

10/x = 0 053 

100/78 0.947 


or 

x 


78 0-947 10 = 139 

TOO 0.053 


This is the molecular weight of the substance. 


The DerivalioD „f 

Elevation from Raoult. La ' frQm Raouhs law in the following 

boiling-point raising can raising In Figure 16-5 the upper 

way. We first consider bo. 1 W.nt^ as a function of the 

curve represents the vapo P wh ^ ch this becomes 1 atm is the 

HCS5 onhe ,C pur P e C solvent. The lower curve represents the vapor 
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pressure of a solution of a non-volatile solute; Raoul t’s law requires 
that it lie below the curve for the pure solvent by an amount propor¬ 
tional to the molar concentration of solute, and that the same curve 
apply for all solutes, the molar concentration being the only significant 
quantity. This <5urve intersects the 1 atm line at a temperature higher 
than the boiling point of the solvent by an amount proportional to the 



Temperature C 


FIG. 16-5 Vapor-pres sure curves of water in the range from (f C to lOff C. 

molar concentration of the solute (for dilute solutions), as expressed in 
the boiling-point law (Fig. 16-6). 

The argument for freezing-point lowering is similar. In Figure 16-7 
the vapor-pressure curves of the pure solvent in the crystalline state 
and the liquid state arc shown intersecting at the freezing point of the 
pure solvent. At higher temperatures the crystal has higher vapor pres¬ 
sure than the liquid, and is hence unstable relative to it, and at lower 
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Temperature C 


% 

FIG. 16-6 

Vapor-pressure curves of water and an aqueous 
solution near the boiling point , showing eleva¬ 
tion of the boiling point of the solution. 
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FIG. 16-7 

Vapor-pressure curves oj water, ice, and an 
aqueous solution near the freezing point, showing 
depression of the freezing point of the solution . 



temperatures the stability relation is reversed. The solut.on vapor- 
pressure curve, lying below that of the liquid pure solvent intersects 
the crystal curve at a temperature below the melting point of the pure 
solvent. This is the melting point of the solution. 

Note that the assumption is made that the solid phase obtained on 
freezing the solution is pure solvent; if a crystalline solution is formed, 
as sometimes occurs, the freezing-point law does not hold. 


16-9. The Osmotic Pressure of Solutions 

If red blood corpuscles are placed in pure water they swell, become 
round, and finally burst. This is the result of the fact that the cc ‘ 
is permeable to water but not to some of the solutes of the cell solution 
(hemoglobin, other proteins); in the effort to reach a condition of equi¬ 
librium (equality of water vapor pressure) between the two liquids 
water enters the cell. If the cell wall were sufficiently strong equ,librium 
would be reached when the hydrostatic pressure in ' hc ^ ‘ had reached 
a certain value, at which the water vapor pressure of the solution equal, 
foe va^ pres^re of the pure water outside the ceU. This equilibrium 
hydrostatic pressure is called the osmotic pressure of the solut.on 
V A'semi-permeable membrane is a membrane with very small hole m 
i, of such a size that molecules of the solvent are able to pass through 
but molecules of the solute are not. A useful semi-permeable membrane 
for measurement of osmotic pressure is made by precipitating cupr. 
ferrocyanide, Cu,Fe(CN)., in the pores of an unglazed P° r «'-' n ^P- 
which gives the membrane mechanical support to enable lt to w l " 
stand high pressures. Accurate measurements have been made in this 
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way to over 250 atm. Cellophane membranes may also be used, if the 
osmotic pressure is not large. 

It is found experimentally that the osmotic pressure of a dilute solu¬ 
tion satisfies the equation 

7 rV = n x RT 

with n, the number of moles of solute (to which the membrane is im¬ 
permeable) in volume V, i r the osmotic pressure, R the gas constant, 
and T the absolute temperature. This relation was discovered by 
van’t Hoff in 1887. It is striking that the equation is identical in form 
with the perfect-gas equation; van’t Hoff emphasized the similarity of a 
dissolved substance and a gas. 

It can be shown by the methods of thermodynamics that Raoult’s 
law and the osmotic-pressure equation are related; the validity of one 
requires the validity of the other. 

For inorganic substances and simple organic substances the osmotic- 
pressure method of determining molecular weight offers no advantages 
over other methods, such as the measurement of freezing-point lowering. 
It has, however, been found useful for substances of very high molecular 
weight; the molecular weight of hemoglobin was first reliably deter¬ 
mined in this way by Adair in 1925. The value found by Adair, 68,000, 
has been verified by measurements made with the ultracentrifuge. 


16-10. The Activities of Ions 

During the early development of the ionic theory of electrolytic solu¬ 
tions it was recognized that the observed freezing-point lowering of 
these solutions, while greater than corresponding to undissociatcd solute 
molecules, is not so great as expected for complete ionization. For ex¬ 
ample, the freezing point of a 0.1 F solution of KBr is —0.345° C. Since 
the freezing-point constant for water is 1.86°, this lowering requires that 
there be effective 0.185 moles of solute, 85% more than the number of 
formulas KBr present, but not 100% more. For a number of years it 
was thought that facts such as this showed the salts to be only partially 
ionized; in this case KBr was said to be 85% ionized, the solution being 
said to be 0.085 M in K% 0.085 M in Br~, and 0.015 M in undissociated 
KBr. 

Then, about 1904, it was pointed out by A. A. Noyes that many 
properties of solutions of salts and strong acids (such as their color) 
suggest that they are completely ionized in dilute solution. This view 
has been generally accepted since 1923, when a quantitative theory of 
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the interactions of ions in solution was developed by P- J. W. Debye 

“t£ “.to of to to. to.. ..tog ££ 

brorLc produces to« 

stSSSS®sSS 

.i to to JU h Clcd to «•**«*£ For . «•»« * ^ 
, y .c. cortotog toy uruv.lto »(»»«^ % >, ,, 

arC aPP hin , B r Tonly fn very dilute solutions. These activity coeffic.ents 
STTSX^in connection with chetnica. equilibrium, wh.ch ts 

to be discussed later. 

16-11. Colloidal Solutions 

-fu> method to Pass through 

We now recogntze that these dthe^ ^ ^ ^ 

the pores of a membra p . thought that there was a deeper 

in size of the solute molccuta. ^m^ g ^ substanccs and ,he 

difference between mdmary ea .ly cry ^ ^ unab , c (Q 

s'owly diffusing, non d^g,— ih , ^ ^ M (Greck 
crystallize. He named t * ‘ ordinal crystalloids. It is now known 

w/ a , glue), in contradisuncuon^orna^ry j , hc , wo classes 

that there is not a s P weieht have been crystallized), 

name for sub- 

'“S^^’^ned mol.eules. with constant mo- 
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lccular weight and definite molecular shape, permitting them to be 
piled in a crystalline array. Crystalline proteins include egg albumin 
(MW 43,000) and hemoglobin (MW 68,000). Even viruses, such as 
tobacco-mosaic virus, have been crystallized; their molecular weights 
range from 10,000,000 (bushy-stunt virus) to 2,000,000,000 (vaccinia 
virus). Colloidal solutions may also be made by dispersing in the solvent 
a solid or liquid substance which is normally insoluble, such as gold, 
ferric oxide, arsenious sulfide, etc. A colloidal solution of this sort con¬ 
sists of very small particles of the dispersed substance, so small that their 
temperature motion (Brownian movement) prevents them from settling 
out in the gravitational field of the earth. 

It is possible to produce through centrifugal force an effective gravi¬ 
tational field of the order of magnitude of 500,000 times the earth’s 
field in an ultracentrifuge , an instrument developed by the Swedish scien¬ 
tist The Svcdbcrg, and improved in recent years, especially by J. W. 
Beams at the University of Virginia. In such a field dissolved particles 
of large molecular weight settle out rapidly, and molecular-weight values 
can be determined by observing the sedimentation rate or the equilib¬ 
rium distribution, after centrifugation for a long time. 

It is of interest in regard to the theory of ionization that an electric 
potential difference exists between the two ends of a solution of a salt 
such as lithium iodide (composed of a heavy ion and a light ion) in the 
earth's gravitational field or a centrifugal field. 


Exercises 

16-1. A solution contains 10.00 g of anhydrous cupric sulfate and 100.0 g of water. 
What is the weight formality of this solution in CuSO<? What is the weight 
formality in CuSO«- 5HjO? Arc the volume formalities of this solution in CuSCV 
and CuS0,-5H ? 0 equal? Why? 

16-2. Calculate the mole fraction of each component in the following solutions: 

(a) 1.000 g of chloroform, CHClj, in 10.00 g of carbon tetrachloride, CC1« 

(b) 1-000 g of acetic acid, C 7 H«Oj, in 25.00 g of benzene, C»H« 

(O 1.000 g of acetic acid, C,H«0 2 , in 25.00 g of benzene, recognizing that 
.».• *:lic: ac id ai tuully exists in benzene solution as the dimer, (CtH«Os)t 
<»i) 5 00 g of toluene, CcH-.CHj, 5.00 g of xylene, C«H«(CH a ) s , and 3.00 g of 
c yclohexane, CcHi* 

The density of constant-boiling hydrochloric acid is 1.10 g/ml. It contains 
20.24% HCI. Calc ulate the weight molarity, the volume molarity, and the 
mole fraction of HO in the Solution. 

16-4. Make qualitative- predictions about the solubility of 

(a) ethyl ethrr, C-H OG-H ., in water, in alcohol, and in benzene 

(b) hydrogen c hloride in water and in gasoline 
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16-7 


8 tS.'A'SSSSSXt 

S°S* stearate, (CH,)(CH,).COrNa+, in water and in carbon tetra- 

SftL. stearate in an emulsion of gasoline in water 
(g) decane, C.oHn, in water and in gasoline 

- sr “ 

«.u«—rs:?a— po “ 

‘tST^L. to C 

r —- -——«° - - h “ •• *■ ,o1 - 

lowing temperatures: 

30° C 31.82 

40 55.32 

50 92.51 

60 H9.4 

70 233.7 

80 355.1 

90 525.8 

75 23./0 100 760.0 

(a) Make a graph of v.p. 

temperature, (b) Using the °S a " ^ sq. in. above atmospheric 

yn tsirs vx a „ llh 

16-9. The volume of a sample what'is «he weight of nitrous oxide 
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-10°C 

2.15 

- 5 

3.16 

0 

4.58 

5 

6.34 

10 

9.21 

15 

12.79 

20 

17.54 

25 

23.76 


16-10. 


16-11. 


16-12. 


16-13. 
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16-14. The solubility of nitrogen at 1 atm partial pressure in water at 0° is 23.54 ml 
per 1, and that of oxygen is 48.89. Calculate the amount by which the freezing 
points of air-saturated water and air-free water differ. 

16-15. An aqueous solution of amygdalin (a sugar-like substance obtained from 
almonds) containing 96 g of solute per liter was found to have osmotic pressure 
0.474 atm at 0° C. What is the molecular weight of the solute? 

16-16. A 1% aqueous solution of gum arabic (simplest formula CuHaOu) was found 
to have an osmotic pressure of 7.2 mm Hg at 25° C. What are the average 
molecular weight and degree of polymerization of the solute? 

16-17. 100 ml of water containing 0.03 g of iodine in solution is shaken with 10 ml of 

chloroform. What percentage of the iodine remains in the water phase? If it 
had been shaken successively with two 5-ml portions of chloroform, how much 
would have remained? The distribution ratio of iodine between chloroform and 
water at 25° is 250. 

16-18. The distribution ratio of iodine between carbon disulfide and water is 586. 
When a distribution experiment was made using 0.25 F KI solution instead 
of water, the amounts of dissolved iodine were found to be 0.0200 mole/1 in 
the carbon disulfide and 0.0060 mole/I in the aqueous iodine solution. Assum¬ 
ing that in water the iodine is present as the dissolved molecular species I*, 
calculate the concentrations of Is and If in the aqueous iodide solution. 


Chapter iy 


Sulfur, Selenium, 
and Tellurium 


ical properties arc correspondingly distinctive. 

17-1. The Oxidation States of Sulfur 
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Sulfur , Selenium, and Tellurium [Chap. 17] 


17-2. Elementary Sulfur 

Orthorhombic and Monoclinic Sulfur. Ordinary sulfur is a yellow 
solid substance which forms crystals with orthorhombic symmetry; it is 
called orthorhombic sulfur or, usually, rhombic sulfur. It is insoluble 
in water, but soluble in carbon disulfide (CS 2 ), carbon tetrachloride, 
and similar non-polar solvents, giving solutions from which well-formed 
crystals of sulfur can be obtained (Fig. 17-1). Some of its physical prop¬ 
erties are given in Table 17-1. 


TABLE 17-1 Properties of Oxygen, Sulfur, Selenium, and Tellurium 



ATOMIC 

NUMBER 

MELTING POINT 

BOIUNG 

POINT 

DENSITY 

Oxygen 

8 

-218.4° C 


1.429 g/l 

Sulfur (orthorhombic) 

16 

119.25®, 112.8® 


2.07 g/em* 

Selenium (gray) 

34 

217° 


4.79 

Tellurium (gray) 

52 

452* 

1,390° 

6.25 


At 112.8° C orthorhombic sulfur melts to form a straw-colored liquid. 
This liquid crystallizes in a monoclinic crystalline form, called /3-sulfur 
or monoclinic sulfur (Fig. 17-1). The sulfur molecules in both ortho¬ 
rhombic sulfur and monoclinic sulfur, as well as in the straw-colored 
liquid, are S 8 molecules, with a staggered-ring configuration (Fig. 10-3). 
The formation of this large molecule (and of the similar molecules Se 8 
and Te 8 ) is the expression of the bicovalence of the sixth-group elements 
by foiming two single covalent bonds, instead of one double bond. 
Diatomic molecules S 2 arc formed by heating sulfur vapor (S 8 at lower 
temperatures) to a high temperature, but these molecules are less stable 
than the large molecules containing single bonds. This fact is not iso- 



Orthorhombic Monoclirvc 
Sulfur 


FIG. 17-1 

Crystals of orthorhombic and monoclinic sulfur. 
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lated but is an example of the generalization that stable double bonds 
“"coSn^a 'cLTbon-suhrSle bSSfthe main exceptions 



FIG. 17-2 Vapor-pres sure curves Jor sulfur. 

and the orthorhombic form. Monoclinic sulfur melts a, 119.25° C. This 
is the true melting point of ^hur. crysta |line forms of sulfur 

-MS 

k=-t£S £5 —* 

phase, with larger vaporpmn ^ P ^ smallcr vapor pressure^ 
the vapor wou d eonden e a *P or(horhombic sulfur , from 95.5° 

Hence below 95.5 C stable P 119.25° (up to the boiling 

to 119.25° it is monoclinic sulfur, and above p 
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point) it is liquid sulfur. If orthorhombic sulfur is heated very slowly , it 
changes to monoclinic sulfur at the transition temperature 95.5 , and 
then melts at 119.25°. 

Sometimes a transition between two crystalline phases occurs very 
rapidly. That between orthorhombic sulfur and monoclinic sulfur is 
rather slow, however, taking minutes or hours, and it is hence easy to 
superheat orthorhombic sulfur by heating it rapidly. If this is done, the 
vapor pressure of the crystals increases as shown by the curve A', and 
at the point P , where this curve crosses the vapor-pressure curve of the 
liquid, the crystals melt. The temperature at P', 112.8° C, is the melting 
point of rapidly heated orthorhombic sulfur. It does not correspond to a 
true equilibrium: if the liquid is allowed to stand for a short time at 
a temperature between 112.8° and 119.25° it crystallizes as the phase 
stable at that temperature, monoclinic sulfur. 

A rhombohedral form, containing S 6 molecules, also can be made. 

Liquid Sulfur. Sulfur which has just been melted is a mobile, straw- 
colored liquid. The viscosity of this liquid is low because the S 8 molecules 
which compose it are nearly spherical in shape (Fig. 10-3) and roll easily 
over one another. When molten sulfur is heated to a higher temperature, 
however, it gradually darkens in color and becomes more viscous, finally 
becoming so thick (at 230°) that it cannot be poured out of its container. 
Most substances decrease in viscosity with increasing temperature, be¬ 
cause the increased thermal agitation causes the molecules to move 
around one another more easily. The abnormal behavior of liquid 
sulfur results from the production of molecules of a different kind long 
chains, containing scores of atoms. These very long molecules get en¬ 
tangled with one another, causing the liquid to be very viscous. The 
dark-red color is due to the ends of the chains, which consist of sulfur 
atoms with only one valence bond instead of the normal two. 

The straw-colored liquid, S 8 , is called X-sulfur, and the dark-red liq¬ 
uid consisting of very long chains is called ^-sulfur. When this liquid is 
rapidly cooled by being poured into water it forms a rubbery supercooled 
liquid , insoluble in carbon disulfide. On standing for a few days at room 
temperature the long chains rearrange themselves into S 8 molecules, 
and the rubbery mass changes into an aggregate of crystals of ortho¬ 
rhombic sulfur. 

Sulfur boils at 444.6°, forming vapor which contains S 8 , S 6 , and S* 
molecules. When cooled, the vapor condenses to form flowers of sulfur , 
which is only partially soluble in carbon disulfide, and consists of a 
mixture of molecular species. 
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[§ 17-2] Elementary Suljur 
The Mining of Sulfur. Free sulfur occurs in large quantity in Sicily, 
Louisiana, and Texas. The Sicilian deposits consist of rock (clay gyp¬ 
sum limestone) mixed with about 20% free sulfur. The rock is heated 
by burning part of the sulfur, and molten sulfur is drawn off, and then 

PU Ovcr 80% U of 'the * world’s production of sulfur is mined in Louisiana 
and Texas by a clever method, the Frasch process. The sulfur, mixed 
• w r occurs at depths of about one thousand feet, under 


FIG. 17-3 

The Frasch process /or mining suljur . 
(The mineral anhydrite which lies below 
the suljur-calcite layer is anhydrous cal¬ 
cium suljate, CaSO 4 -) 
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concentric pipes are sunk (Fig. 17-3). Superheated water (155°) is 
pumped down the two outer pipes. This melts the sulfur, wh.ch collects 
[„ a pool around the open end. Air is forced down the mnermost pipe, 
and a bubbly froth of air, sulfur, and water rises through the space be¬ 
tween the innermost pipe and the next one. Tins m.xture .s allowed to 
flow into a very large wooden vat, where the sulfur hardens as a product 

99.5% pure. . ' ^ 

17—3. Hydrogen Sulfide and the Sulfides of the^itals 


Hydrogen sulfide, H 2 S, is analogous to water, its electronic structure 
H 

being . s—H. It is far more volatile (m.p. -85.6° C, b.p. -60.7°) than 
•• 


water, because of its much smaller tendency to form hydrogen bonds 
It is appreciably soluble in cold water (2.6 1 of gas dissolving in 1 1 of 
water at 20°), forming a slightly acidic solution. The solution is slowly 
oxidized by atmospheric oxygen, giving a milky precipitate of sulfur. 

Hydrogen sulfide has a powerful odor, resembling that of rotten egg?. 
It is very poisonous, and care must be taken not to breathe the gas while 
using it in the analytical chemistry laboratory. 

Hydrogen sulfide is readily prepared by action of hydrochloric acid 

on ferrous sulfide: 

2HC1 + FcS —FcCU + H 2 S \ 

The preparation is conveniently carried out in a Kipp generator; this 
apparatus permits the gas to be produced as it is used. It can also be 
obtained commercially under pressure in steel bottles or tanks. 

The sulfides of the alkali and alkaline-earth metals arc colorless sub¬ 
stances easily soluble in water. The sulfides of most other metals arc in¬ 
soluble or only very slightly soluble in water, and their precipitation 
under varying conditions is an important part of the usual scheme of 
qualitative analysis for the metallic ions. Many metallic sulfides occur 
in nature; important sulfide ores include FeS, Cu 2 S, CuS, ZnS, Ag 2 S. 
HgS, and PbS. 


The Polysulfides. Sulfur dissolves in a solution of an alkali or alkaline- 
earth sulfide, forming a mixture of polysulfidcs: 

S~“ + Vi St —*- S 2 —, disulfide ion 
S— + ViS$ —Sr“, trisulfide ion 
S”“ + HS g —*- Sr~, tctrasulfidc ion 
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[§ 77-4] Sulfur Dioxide and Sulfurous Acid 
The disulfide ion has the structure [: S-S :] , analogous to that 

of the peroxide ion, and the polysulfides have similar structures, 


S s 


. / \ / 
s s. 


, etc. 


u • ■ 

Hydrogen disulfide, H,S„ analogous to hydrogcnperoxidecanbrmndc 
by careful treatment of a disulfide with Jo^cr, Je ’ydrogen 

polysulfides readily decompose to hydrogen sulfide and sulfur. 

The common mineral pyriu FeS„ .s ferrous d,sulfide. 

17 _ 4 . Sulfur Dioxide and Sulfurous Acid 
Sulfur dioxide, SO„ is the gas formed by burning sulfur or sulfides, 
such as pyrite: 

S + Oj —*- SO, 

4FeSa + HO* —*- 2Fe,Oj + 8SO, t 

strong acid to solid sodium hydrogen sulfite: 


HC1 + NaHSOj —*- NaCl + H,0 + SO, t 


sns ses irasss r, 

by displacement of air. obtained by dissolving sulfur 

8 The electronic structure of sulfur dioxide is 
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It is a resonating structure in which each sulfur-oxygen bond is a hybrid 
between a single bond and a double bond. In sulfurous acid one oxygen 
atom is replaced by two hydroxyl groups: 


In each of these molecules the sulfur atom has one unshared pair of 
electrons; this is characteristic of atoms with oxidation number two less 
than the maximum. 

Sulfur dioxide is used in great quantities in the manufacture of sul¬ 
furic acid, sulfurous acid, and sulfites. It destroys fungi and bacteria, 
and is used as preservative in the preparation of dried prunes, apricots, 
and other fruits. A solution of calcium hydrogen sulfite, Ca(HS0 3 ) 2 , 
made by reaction of sulfur dioxide and calcium hydroxide, is used in 
the manufacture of paper pulp from wood. The solution dissolves lignin, 
a substance which cements the cellulose fibers together, and liberates 
these fibers, which are then processed into paper. 



17-5. Sulfur Trioxide 

Sulfur trioxide, S0 3 , is formed in very small quantities when sulfur is 
burned in air. It is usually made by oxidation of sulfur dioxide by air, 
in the presence of a catalyst. The reaction 

2S0 2 + 0 2 2SOa 

is exothermic; it liberates 45 kcal of heat for two moles of sulfur trioxide 
produced. The principle of Lc Chatelier accordingly requires that the 
equilibrium between the reactants and the product be shifted to the left 
(the direction that absorbs heat) when the temperature is raised. The 
nature of the equilibrium is such that at low temperatures a satisfactory 
yield can be obtained when the reaction proceeds nearly to equilibrium. 
However, the rate of the reaction is so small at low temperatures as to 
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The properties of sulfur trioxide may be in large part explained as 
resulting from the instability of the sulfur-oxygen dtfuble bond. Thus by 
reaction with water the double bond can be replaced by two single 
bonds, in sulfuric acid: 

H —6 : : O—H 

\/ 

S 

, / \ , 
o o 

•• .• •• .• 

The increased stability of the product is reflected in the large amount 
of heat evolved in the reaction. A second sulfur trioxide molecule can 
eliminate its double bond by combining with a molecule of sulfuric acid 
to form a molecule of disulfuric acid: 

:'o" -o; 

• \ / • 
s 

,.. , / \ 

H— O O O—H 

\ / * 
s 

.. / \ , 

•p, .p. 

Similarly, molecules of trisulfuric acid, H 2 S*Oi 0 , tetrasulfuric acid, 
H 2 S 4 O 13 , etc., can be formed (Fig. 17-4), culminating in a chain, 
HO s SO(SO a ) w SO*H, of nearly infinite length—essentially a high poly¬ 
mer of sulfur trioxidc, (SO*),, with x large. It is these very long molecules 
that constitute the asbestos-like crystalline form of sulfur trioxide. We can 
understand why the crystals are fibrous, like asbestos—they consist of 
extremely long chain molecules, arranged together side by side, but 
easily separated into fibers, because, although the chains themselves are 
strong, the forces between them are relatively weak. 

The molecular structures explain why the formation of the asbestos¬ 
like crystals, and also their decomposition to SO* vapor, are slow proc¬ 
esses, whereas crystallization and evaporation are usually rapid. In this 
case these processes are really chemical reactions , involving the formation 
of new chemical bonds. The role of a trace of water in catalyzing the 
formation of the asbestos-like crystals can also be understood; the mole- 
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cules of water serve to start the chains, which can then grow to great 
length. 


17-6. Sulfuric Acid and the Sulfates 


Sulfuric acid, H 3 SO 4 , 
finding use throughout 


is one of the most important of all chemicals, 
the chemical industry and related industries. 




FIG. 17-4 Sulfur trioxide and some oxygen acids of sulfur. 

I, is a heavy oily liquid (density 1.838 g/cm«), which fumes slightly in 
It is a heavy, ouy q ' f su , fur trioxldc wh ,ch then 

pure sulfuric acid yields a vapo H cq 2% water. This is 

at 338° with the constant composition 98% /o 

the ordinary “concentrated sulfuric acid” of commerce. 
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Concentrated sulfuric acid is very corrosive. It has a strong affinity 
for water, and a large amount of heat is liberated when it is mixed with 
water, as the result of the formation of hydronium ion: 

H 2 S0 4 + 2H 2 0 =?=*= 2H 3 0 + -f S0 4 — 

In diluting it, the concentrated acid should be poured into water in a 
thin stream, with stirring; water should never be poured into the acid, 
because it is apt to sputter and throw drops of acid out of the container. 
The diluted acid occupies a smaller volume than its constituents, the 
contraction being a maximum at H 2 S0 4 + 2H 2 0 [(H*0) + 2 (SO 4 ) ]. 

The crystalline phases which form on cooling sulfuric acid con¬ 
taining varying amounts of sulfur trioxide or water are HsSsOr, 
H 2 S0 4 , H 2 SC>4-H 2 0 [presumably (H 3 0) + (HSC>4)“], H 2 SC>4-2 HiO 
[(H 3 0) + 2 (SC>4)--], and H 2 SC>4-4H 2 0. 


The Manufacture of Sulfuric Acid. Sulfuric acid is made by two 
processes, the contact process and the lead-chamber process, which are 
now about equally important. In the contact process sulfur trioxidc is 
made by the catalytic oxidation of sulfur dioxide (the name of the process 
refers to the fact that reaction occurs on contact of the gases with the 
solid catalyst). The gas containing sulfur trioxide is then bubbled 
through sulfuric acid, which absorbs the sulfur trioxide. Water is added 
at the proper rate, and 98% acid is drawn off. 

The principle of the lead-chamber process is shown by the following 
experiment. A large flask is fitted with four inlet tubes and a small outlet 
tube. Three of the tubes come from wash bottles, and the fourth from a 
flask in which water may be boiled. When oxygen, sulfur dioxide, nitric 
oxide, and a small amount of water vapor are introduced into the large 


flask, white crystals of nitrososulfuric acid, 


HO O—N=0 

\ / 

S 

/ \ 

o o 


(sul¬ 


furic acid in which one hydrogen atom is replaced by the nitroso group, 


—N=0 : ), arc formed. When steam is sent into the flask by boiling 
the water in the small flask, the crystals react to form drops of sulfuric 
acid, liberating oxides of nitrogen. In effect, the oxides of nitrogen serve 
to catalyze the oxidation of sulfur dioxide by oxygen. The complex 
reactions which occur may be summarized as 
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C 3 H 6 (OH) 3 4- 3HN0 3 —C3H 6 (N0 3 ) 3 + 3H z O 

glycerine glyceryl trim Irate 

These reactions are made to proceed to the right by mixing the nitric 
acid with sulfuric acid, which by its dehydrating action favors the 
products. 

Hot concentrated sulfuric acid is an effective oxidizing agent, the 
product of its reduction being sulfur dioxide. It will dissolve copper, 
and will even oxidize carbon: 

Cu + 2H,S0 4 —CuSO< 4- 2H*0 + S0 2 f 

C 4- 2H 2 S0 4 —CO* f + 2H*0 4- 2SO* f 

The solution of copper by hot concentrated sulfuric acid illustrates a 
general reaction—the solution of an unreactive metal in an acid under 
the influence of an oxidizing agent. The reactive metals, above hydrogen 
in the electromotive-force series, are oxidized to their cations by hydro¬ 
gen ion, which is itself reduced to elementary hydrogen; for example, 

Zn 4- 2H* —Zn 4-4 4- H* f 

Copper is below hydrogen in the series, and does not undergo this re¬ 
action. It can be oxidized to cupric ion, however, by a stronger oxidiz¬ 
ing agent, such as chlorine or nitric acid or, as illustrated above, hot 
concentrated sulfuric acid. 

Sulfates. Sulfuric acid combines with bases to form normal sulfates , 
such as K2SO4, potassium sulfate, and hydrogen sulfates or acid sulfates 
'sometimes called bisulfates), such as KHSO4, potassium hydrogen 
•ulfatc. 

The nearly insoluble sulfates occur as minerals: these include 
CaS04-2H 2 0 (gypsum ), SrSC>4, BaS0 4 (barite), and PbS0 4 . Barium 
sulfate is the least soluble of the sulfates, and its formation as a white 
precipitate is used as a test for sulfate ion. 

Common soluble sulfates include Na 2 S0 4 - 10H 2 O, (NH 4 ) 2 S04, 
MgS04 -7H 2 0 (Epsom salt), CuS0 4 *5H 2 0 (blue vitriol), FeS04*7H 2 0, 
(NH 4 )-.»Fe(S04)2-6H2O (a well-crystallized, easily purified salt used in 
analytical chemistry in making standard solutions of ferrous ion), 
ZnS04-7H 2 0, KA1 (S0 4 )j* 12H 2 0 (alum), NH4A1(S0 4 )2- 12H 2 0 (am¬ 
monium alum), and KCr(S0 4 )2* 12H 2 0 (chrome alum). 

The Peroxysulfuric Acids. Sulfuric acid contains sulfur in its highest 
oxidation state. When a strong oxidizing agent (hydrogen peroxide or 
an anode at suitable electrical potential) acts on sulfuric acid, the only 
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oxidation which can occur is that of oxygen atoms from -2.to -1. 
The products of this oxidation, pcoxysulfunc and H,SO s and^oxy- 
disulju’ic acid, HjSjO,, have been mentioned near the end of Chapter 11. 
These acids and their salts arc used as bleaching agents. 


17-7. The Thio or Sulfo Acids 


* V ' » — '- V 

Sodium thiosulfate, Na,S 2 Cb■ 5H s O (incorrectly called“hypo,“frornan 
old name “sodium hyposulfite”), is a substance used in photography 
(Chap. 27). It is made by boiling a solution of sodium sulfite with free 

sulfur: 


sor- + s 

mlfite ion 


s,or" 

ihimulUtc ion 


SUinic ivu 

Thiosulfuric acid, HjSjOj, is unstable, and sulfur dioxide and sulfur are 

^s^ ~" l S a O 

bc """' bCT ’ 
thr attached sulfur atom oxidation number 2. - , . 

Thio“ lh,e ion i. e.sily «kU~l. '***<* »y Mm*. » •—*«- 
nate ion, S«O ft 


2S 2 0,-“ —► S 4 CV - 4- 2e 


or 


2S*0,~ + U —► S«CV- + 21 
The structure of the tetrathionate ion is shown in Figure 17-5: it con¬ 
tains a disulfide group -S-S- in place of the peroxide group of the 


■ 


by the reaction 


2S“ 


S*““ + 2e~ 
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sulfide dissolves in a sodium sulfide solution to form the thioarsenate ion, 
AsS 4 —", completely analogous to the arsenate ion, As0 4 : 

AsaSs + 3S~ —2AsS 4 - 

Arsenic trisulfide also dissolves, to form the thioarsenite ion: 

AsaS, + 3S-- —2AsS* 



FIG. 17-5 The thiosulfate ion and related ions. 

If disulfide ion, Sj“~, is present in the solution, the thioarsenite ion is 
oxidized to thioarsenate ion: 

AsSa "I" S 2 —AsS 4 + S 

An alkaline solution of sodium sulfide and sodium disulfide (or of the 
ammonium sulfides) is used in the usual systems of qualitative analysis 




369 


re 17-8] Selenium and Tellurium 

as a means of separating the %£££%£» 

metalloids. This separation depends upon p P ^ (HgSi -, 

(HgS, MA. MA. Sb J^‘lte a s oLrs (AgA PhS, BUS,, CuS, 
AsS*-, Sbb4 » '* 

CdS) remain undissolved. 

17-8. Selenium and Tellurium 

is striking. Sulfur is a non-conductorrfe^cj y ^ measurable 

form of selenium. conduc.or, with conduct*- 

propcr ; of the 

HjScO«, selcnic acid 

ScOa—, sclcnate ion H* 1 cU 6 , tcuur 
. . tw% TeF*. tellurium 

L^hexSS (gas) hexafluoride (gas) 


-T- +6 


(S^"a^ TeOs, tellurium dioxide 

, +4 SeO,- selenite ion Ted., te lunum 

1 + IseC., selenium tetrach.onde 

tetrachloride 


- + 2 


0 Sc 


Tc 


(lljSe, hydrogen 
__2-! sclcnidc (gas) 

{ Sc"", selcnide ion 


n/Fe, hydrogen irlluridc (gas) 
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gray form of selenium is that its electric conductivity is greatly increased 
during exposure to visible light. This property is used in “selenium 
cells** for the measurement of light intensity. 

Selenium is also used to impart a ruby-red color to glass, and to neu¬ 
tralize the green color in glass which is due to the presence of iron. 

Selenium and tellurium are similar to sulfur in chemical properties, 
but are less electronegative (more metallic) in character. In addition, 
sexiposidve tellurium shows increase in coordination number from 4 to 6, 
telluric acid being H«TeO«. Representative compounds are shown in the 
preceding chart. 

Exercises 

17-1. Write an oxidation-reduction equation for the formation of an acid of each of 
the important oxidation states of sulfur. 

17-2. What order of solubility in a suitable organic solvent do you predict for 

(a) orthorhombic sulfur, supercooled monoclinic sulfur, and supercooled X-sul- 
fur at 90° C 

(b) superheated orthorhombic sulfur, monoclinic sulfur, and supercooled X-sul- 
fur at 100° C 

(c) same as b at 115° C. 

Remember that a saturated solution has the same vapor pressure of solute as 
the crystalline solute in equilibrium with it. 

17-3. The density of orthorhombic sulfur is 2.07 g/cra 1 and that of monoclinic sulfur 
is 1.96; apply Le ChStelier’s rule to predict the effect of the application of 
pressure on the equilibrium temperature between the two forms. 

17-4. Describe the Frasch process of mining sulfur. 

17-5. What is the electronic structure of Na*S«? 

17-6. What happens when a polysulfide is treated with acid? 

17-7. Write chemical equations for the preparation of each of the substances H*S, 
SO*, and SO* by (a) a chemical reaction in which there is an oxidation or 
reduction of the sulfur atom; (b) a chemical reaction in which there is no change 
in the oxidation number of the sulfur. 

17-8. Give the names and formulas of two natural sources of sulfur. 

17-9. What is the role of a catalyst in the oxidation of SO* to SO«? 

17-10. Explain as fully as you can the properties of sulfur trioxide in terms of its elec¬ 
tronic structure. 

17-11. How would you make up a solution approximately 0.01 A( in II + from concen¬ 
trated sulfuric acid (98%, density 1.838 g/cin'*)? 

17-12. List all the examples that have been cited in this chapter and previous chapters 
of the use of concentrated sulfuric acid for the preparation of more volatile 
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17-13. 

17-14. 

17-15. 

17-16. 

17-17. 

17-18. 


acids. Why cannot this method be applied to the preparation of hydrogen iodide 
gas? 

Write chemical reactions illustrating the three important kinds of uses of sulfuric 
acid. 

What is the electronic structure pynuulfuric at id? 

What arc ll.c electronic structures of ,k rusysulfuric a. i.l ami ,» rocydisulfuric 
acid? 

Write electronic-structure equations for 

(a) sulfite ion and sulfur to give thiosulfate ion 

(b) thiosulfate ion and iodine to give tetrathionate ion plus iodide ion. 

A solution is made such that one liter contains 12.41 g of NasSiOs- 
actly 35.00 ml of this solution is required to just decolorize 50 00 ml of a solu¬ 
tion of If ion. What is the concentration of the If solution 
Give the names and formulas of the oxides and oxygen acid, of selenium and 
tellurium. 



Chapter 18 


Nitrogen, Phospho¬ 
rus, Arsenic, Anti¬ 
mony, and Bismuth 


The properties of the elements of the fifth group of the periodic table 
change in a striking manner with increase in atomic number, from nitro¬ 
gen to bismuth. Nitrogen is a stable, unreactive gas. Phosphorus, also a 
non-mctallic substance, is unstable and very reactive. Arsenic, antimony, 
and bismuth are metalloids, with metallic character increasing in this 
order. The principal oxygen acid of nitrogen has the formula HNOj, 
that of phosphorus the formula HjPO«, that of arsenic the formula 
H 3 As 0 4 , and that of antimony the formula HSb(OH) 6 . The trichloride 
of nitrogen is an extremely unstable, highly explosive substance; the 
trichlorides of phosphorus, arsenic, antimony, and bismuth are stable 
compounds. 

Many of the properties of these elements can be understood by the 
consideration of some of the properties of their atoms. Nitrogen is a 
very electronegative substance, its electronegativity (3 on the electro¬ 
negativity scale) being exceeded only by the electronegativities of oxy¬ 
gen and fluorine. Phosphorus, arsenic, antimony, and bismuth have 
smaller electronegativities, with values 2.1, 2.0, 1.8, and 1.7, respectively. 
The increase in metallic character from nitrogen to bismuth and the 
great difference in stability of the trichlorides can be accounted lor by 
the change in electronegativity. The stability of the ammonium ion, 
NH 4 + , has been discussed in Chapter 10. Nitrogen, like carbon and oxy¬ 
gen, tends to form multiple bonds, as in the elementary substance, 
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N =N- phosphorus and its heavier congeners prefer to form only s.ngle 
bonds’The nitrogen atom is small, the single-bond covalent radius > of 
nitrogen being 0.70 A, and the atom can surr 0 u n d ^elf comfo r tab|y 
with only three oxygen atoms. Phosphorus, with covalent radius 1.10 A 
and arsenic with covalent radius 1.21 A, are large enough to surround 

themselves comfortably with four oxygen atoms, in a tc ^ ah ^ d ^ C ° n ^ 
..ration as in phosphoric acid, H.PO„ and arsenic acid H.AsO., The 
amimony atom has^ingle-bond covalent -dius 1 .41 A; u can surround 
itself with six oxygen atoms, in ant.mon.c acid, H [Sb(OH) s J. 


18-1 The Oxidation States of Nitrogen 

+ 5 NjOt, nitrogen pentoxidc HNO„ nitric acid 

/ NOi, nitrogen dioxide 
-^ 4 \NiO«, dinitrogen tetroxide 

_ _ +3 N,0„ nitrogen trioxide HNO„ hitrous acid 

I- -f-2 NO, nitric oxide 

|_ +1 Nl O, nitrous oxide H,N,0„ hyponitrous acid 

0 Nj, free nitrogen 
- -1 NHjOH, hydroxylamine 


-2 N*H 4 , hydrazine 

-3 NHj, ammonia 


NH* + , ammonium ion 


_ ffSAnM i : n C’haDter 6 that free nitrogen is surprisingly stable, 

and t^ Is stability tnd tt^^eTThe 

» SZZZZ? — — - '• 



374 Nitrogen , Phosphorus , Arsenic , Antimony , ami Bismuth [Chap. 18] 

would be if its bond were normal, with the same energy as three single 
bonds. 

An example of an unstable nitrogen compound is nitrogen trichloride, 
• • 

Cl: 

: N —Cl :. Whereas other non-metallic chlorides (such as PC1 8 , CC1* 

\:: 

Cl: 

• • 

SC1 2 , OCl 2 ) are stable, this substance explodes with great violence when 
jarred, with the evolution of a large amount of heat: 

2NCl a —>- N* + 3CI* +110 kcal 

The amount of heat liberated is just equal to the extra stability of the 
nitrogen molecule. 

Elementary nitrogen occurs in nature in the atmosphere, of which it 
constitutes 78% by volume. Compounds of nitrogen are made from free 
nitrogen by the action of lightning, which produces oxides of nitrogen 
which are carried into the soil by falling rain, and then become constitu¬ 
ents of plants and animals. Nitrogen is also removed from the atmosphere 
by nitrogen-fixing bacteria , which live in nodules on the roots of some 
plants, especially the legumes—beans, peas, alfalfa, clover. In recent 
decades man has developed methods for the fixation of atmospheric 
nitrogen, described below. 


18-2. Ammonia and Its Compounds 

Ammonia, NH,, is an easily condensable gas (b.p. —33.35° C, m.p. 
— 77.7° C), readily soluble in water to produce an alkaline solutior 
The solution of ammonia in water, called ammonium hydroxide 
solution (or sometimes ammonia water or aqua ammonia), contains the 
molecular species NHj, NH 4 OH (ammonium hydroxide), NH 4 + , and 
OH“. Ammonium hydroxide is a weak base, and is only slightly ionized 
to ammonium ion, NH 4 + , and hydroxide ion: 

NH4OH =i=±: NH 4 + + OH- 

In the ammonium hydroxide molecule the ammonium ion and the 
hydroxide ion are held together by a hydrogen bond. 

The Preparation of Ammonia. Ammonia is easily made in the lab¬ 
oratory by heating an ammonium salt, such as ammonium chloride. 
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NH 4 C1, with a strong alkali, such as sodium hydroxide or calcium 
hydroxide: 

2 NH 4 CI + Ca(OH ) 2 —*- CaCl 2 + 2H 2 0 + 2NH 3 f 

The gas may also be made by warming concentrated (12 N) ammonium 

hydroxide. , r . . ,, 

The principal commercial method of production of ammonia is the 

Haber process, the direct combination of nitrogen and hydrogen under 

high pressure (several hundred atmospheres) in the presence of a catalyst 

(usually iron, containing molybdenum or other substances to mcrease 

the catalytic activity). The gases used must be specially purified, to 

prevent “poisoning” the catalyst. The reaction 

N, + 3H, 2NH a 

is exothermic, and accordingly, by Le Chatelier's principle the yield of 
ammonia at equilibrium is less at a high temperature than a, lower 
temperature. However, the gases react very slowly at low temperatures, 
and the reaction could be used as a commercial process only when a 
catalyst was found which speeded up the rate satisfactorily at 500 C. 
Even at this relatively low temperature the equilibrium is unfavorable 
if the gas mixture is under atmospheric pressure, less.than 0.1 % of he 
mixture being converted to ammonia (see Chap. 20). However ,s 
seen by Lc ChStelicr's principle that increase in the total pressure favors 
the formation of ammonia; at 500 atmospheres pressure the equilibrium 
mixture is over one-third ammonia, since the increased pressure would 
be partially reduced by the change in volume from 4 to 2. 

Smaller amounts of ammonia are obtained as a by-product in the 
manufacture of coke and illuminating gas by the distillation of coal, and 
by the cyanamide process. In the cyanam.de proens a mixtureof im 
coke is heated in an electric furnace, forming calcium acetyl.de (calcium 

carbide), CaC*: 

CaO + 3C —*- CO + + CaC* 

Nitrogen, obtained by fractionation of liquid air is passed over the ho, 
calcium acetylide, forming calcium cyanam.de. CaCN,. 

CaO, + N, —*■ CaCN, + C 

Calcium cyanamide may be used directly as a fertilizer, or may be con¬ 
verted into ammonia by treatment with steam under pressure. 

CaCN, + 3H,0 —CaCO, + 2NH, 
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Ammonium Salts. The ammonium salts are similar to the potassium 
salts and rubidium salts in crystal form, molar volume, color, and other 
properties. This similarity is due to the close approximation in size of 
the ammonium ion (radius 1.48 A) to these alkali ions (radius of K + , 
1.33 A, and of Rb + , 1.48 A). The ammonium salts are all soluble in 
water, and arc completely ionized in aqueous solution. 

Ammonium chloride, .NH 4 CI, is used in dry batteries (Chap. 13) 
and as a flux in soldering and welding. Ammonium sulfate, (NHO2SO4, 
is an important fertilizer, and ammonium nitrate, NH4NO3, mixed with 
other substances, is used as an explosive. 

Liquid Ammonia as a Solvent. Liquid ammonia (boiling point 
-33.4° C) has a high dielectric constant, and is a good solvent for salts, 
forming ionic solutions. It also has the unusual power of dissolving the 
alkali metals and alkaline-earth metals without chemical reaction, to 
form blue solutions which have an extraordinarily high electric con¬ 
ductivity and a metallic luster. These metallic solutions slowly decom¬ 
pose, with evolution of hydrogen, forming amides, such as sodium 
amide, NaNl I.-: 

2Na 4- 2NH, —*- 2Na + 4- 2NHr 4- H, f 

The amides arc ionized in the solution into sodium ion and the amide 


. which is analogous to the hydroxide ion in aqueous 

systems. The ammonium ion in liquid ammonia is analogous to the 
hydronium ion (hydrated hydrogen ion) in aqueous systems. 

Ammonium Amalgam. The similarity of the ammonium ion to an 
alkali ion suggests that it might be possible to reduce ammonium ion 
to ammonium metal, NH 4 . This has not been accomplished; however, 
a solution of ammonium metal in mercury, ammonium amalgam, can be 
made by cathodic reduction. 

H—N—X—H 

Hydrazine, N-H«, has ihe structure / \ , in which nitrogen has oxidation 

H H 

number — 2. It can be made by oxidizing ammonia with sodium hypochlorite. Hydra¬ 
zine is a liquid with weak basic properties, similar to those of ammonia. It forms salu 
such as (N*H»)*C1“ and (N*H*)^CI*“. 


ion, 


H 


. / 
N 

» 

‘ \ 


II 
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H—N—O: 

Hydroxylamine, NH;OH, has the secure / \ . with un.ncgauvc mtro- 


gen. It can be made by reducing nitric oxide or nitric acid 

f, is a weak base, forming salts such as hydroxylammon.um chlor.de, (NH,OH) 

18-3. The Oxides of Nitrogen 

Nitrous oxide, N s O, is made by heating ammonium nitrate: 

NH.NO, —► 2H,0 + NsO f 

It is a colorless, odorless gas, which has the property of^pport.ng 
combustion by giving up its atom of oxygen, leav.ng molecular nitro¬ 
gen When breathed for a short time the gas causes a condmon of hys¬ 
teria ^his effect (discovered in 1799 by Humphry Davy) led to the use 
of the name laugh,ng gas for the substance. Longer mhalat.on causes 

prcTsure is released it fills the cream with many small bubbles, simulating 

"UK Se^NoTan be made by reduction of dilute nitric acid 
(about 6 N) with copper or mercury: 

3Cu + 8H + + 2NOT — 3Cu~ + 4H.O + 2NO f 

sssrr, rts ***^ ** dioxidc is rcmovcd by 

S ° Ameu" or'othcl^rcducing agent may reduce nitric acid to any lowe. 

t c of oxid = ■sss? S52? — 

Conditions may be found> a|so ( J mrd . Nitric oxide is 

produced prefT^ntially under the conditions mentioned ?0 

m p“63 6» C C) 3 ir'ornl- d tad,ly wUh oxyg"> to form the red gas 

uisTh 1 ; 

S^oTniuo™ acid, and produces this acid on solution in water: 

NjOi + HjO —- 2HNO, 
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Nitrogen dioxide, NO*, a red gas, and its dimer dinitrogen tetrox- 
ide, N 2 O 4 , a colorless, easily condensable gas, exist in equilibrium with 
one another: 

2NO* =?=*= N*0 4 

red color l«a 

The mixture of these gases may be made by adding nitric oxide to oxy¬ 
gen, or by reducing concentrated nitric acid with copper: 

Cu + 4H + + 2NOr —► CU++ 4- 2 H *0 + 2 NO, f 
It is also easily obtained by decomposing lead nitrate by heat: 

2Pb(NOs)i —*■ 2PbO + 4NO* f + O* f 
The gas dissolves readily in water or alkali, forming a mixture of nitrate 
and nitrite. 

Dinitrogen pentoxide, N*0 6 , the anhydride of nitric acid, can be 
made, as white crystals, by carefully dehydrating nitric acid with phos¬ 
phorus pentoxide or by oxidizing nitrogen dioxide with ozone. It is 
unstable, decomposing spontaneously at room temperature into nitrogen 
dioxide and oxygen. 

The electronic structure* of the oxides of nitrogen are shown below. Most of these 
molecules are resonance hybrids, and the contributing structures are not all shown; 
for dinitrogen pentoxide, for example, the various single and double bonds may change 
places. 

dinitrogen pentoxide 
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: O O O 

• 

• 

+3 

% ✓ 

dinitrogen trioxide 


N N 

.. •• 


+2 

r 

J : N = 0 : 

: N = 0 nitric oxide 

+ 1 

/: n = N = 6 : 

: N = N — O : \ nitrous 


We may well ask why it is that two of the most stable of these substances, NO and NO,, 
are odd molecules, representing oxidation levels for nitrogen not occumng tn other 
compounds, and also why N.O, and WX the anhydrides of the important.substances 
HNO, and HNO„ are so unstable that they decompose at room temperature. The answer 
to these questions probably is that the resonance of the odd electron between the two 
or three Itoms of the molecule stabilizes the substances NO and NO, enough to make 
them somewhat more stable than the two anhydrides. 

Nitrogen Oxide Cations. The odd molecules nitric ox>de, NO, and nitrogen dioxide, 
NO,, can form stable cations by giving up one electron. The NO‘ cation contamsa tripe 
bond - its electronic structure is : N=0 : +. This canon is present in crystals; of n tro- 
syl chlorostannate. (NO)rSnCU. which is formed when mtrosyl chlor.de, NOCI, is 

added to tin tetrachloride, SnCl., and in many other cotstaU. 

Crystals of NO,CIO. contain the cation NO,*, which is linear, and has the structure 

• 0=N=0 :.*, isoelectronic with carbon dioxide. It has also been shown that this 
cation is present in ctystals of N.O, together with the nitrate ion: cry.tall.ne d.nt.rogen 
pentoxide should be assigned the structural formula NO, NO, . 


18-4. Nitric Acid and the Nitrates 

Nitric acid, HNO,, is a colorless liquid with melting point -42 C, 
boiling point 86° C, and density 1.52 g/ cm*. I« « a * tron S ac.d, com¬ 
pletely ionized to hydrogen ion and nitrate ton (NO, ) in aqueous solu¬ 
tion; and it is a strong oxidizing agent. 

Nitric acid can be made in the laboratory by heating sod.um nitrate 
with sulfuric acid in an all-glass apparatus. I he substance is ^ made 
rommercially in this way, from natural sod.um nitrate (C.h I. s.dtp. ter). 
„f which ulxiul 2,500,000 tons is exported front ... I. y<at. 

The Manufacture of Nitric Acid from Ammonia. Much nitric acid 
is also made by the oxidation of ammonia. Th.s ox.dat.on occurs in 


l 
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several steps. Ammonia mixed with air burns on the surface of a plat¬ 
inum catalyst to form nitric oxide: 

4NH 3 + 50 2 —*- 4NO + 6H s O 

On Cooling, the nitric oxide is further oxidized to nitrogen dioxide: 

2NO + 0 2 ->- 2N0 2 

The gas is passed through a tower packed with pieces of broken quartz 
through which water is percolating. Nitric acid and nitrous acid arc 
formed: 

2NO, + H 2 0 —HNOj + HN0 2 

As the strength of the acid solution increases, the nitrous acid decom¬ 
poses : 

3HN0 2 :*=* HNO s + 2NO A- H-O 

The nitric oxide is re-oxidized by the excess oxygen present, and again 
enters the reaction. 

The Fixation of Nitrogen as Nitric Oxide. A method (the arc process) 
formerly used for fixation of atmospheric nitrogen but now abandoned 
is the direct combination of nitrogen and oxygen to nitric oxide at the 
high temperature of the electric arc. The reaction 

N, + 0 2 :*=fc 2NO 

is slightly endothermic, and the equilibrium yield of nitric oxide increases 
with increasing temperature, from 0.4% at 1,500° to 5% at 3,000°. The 
reaction was carried out by passing air through an electric arc in such 
a way that the hot gas mixture was cooled very rapidly, thus “freezing” 
the high-temperature equilibrium mixture. The nitric oxide was then 
converted into nitric acid in the way described above. 

Nitrates and Their Properties. Sodium nitrate, NaNOa, forms color¬ 
less crystals closely resembling crystals of calcitc, CaC0 3 (Fig. 6-1). 

I his resemblance is not accidental. The crystals have the same struc¬ 
ture, with Na f replacing Ca ++ and NOr replacing C0 3 —. The crystals 
so< l* uir * nitrate have the same property of birefringence (double refrac¬ 
tion) as calcitc. Sodium nitrate is used as a fertilizer, and for conversion 
into nitric acid and other nitrates. 

The nitrate ion has a planar structure, with each bond a singlc-bond- 
double-bond hybrid: 
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Potassium nitrate, KNOj (saltpeter), forms colorless ortbcrhombic 
crystals It is used in pickling meat (ham. corned beef), .n medicine, 
and in the manufacture of gunpowder, an intimate m.xture of potass,um 
nitrate, charcoal, and sulfur. 


18-5. Other Compounds of Nitrogen 

Nitrous acid, HNO„ is formed together with nitric acid whcn nitrogcn 
dioxide is dissolved in water. Nitrite ,on can be made together 
nitrate ion by solution of nitrogen d,ox.de m alkali 
2NO- + 20H" —*- NO- - + NO," + H-O 
Sodium nitrite and potassium nitrite can be made also by decomposing 
the nitrates by heat: 

2NaNOa —»- 2NaNOi + O, 
or by reduction with lead: 

NaNOi + Pl> —► NaNO- + PbO 

These nitrites arc pale yellow crystalline substances, anti their solu- 

,i0 Th. a nit y rUeTon is a reducing agent, being oxidized to nitrate ion by 

bromine, permanganate ion. chromate ion. and " 

It is also an oxidizing agent, able to oxtd.ze ,od.de .on to ..xhn.. 

The electronic structure of the nitrite ion i> 
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Hyponitrous Acid and the Hyponi,rites. Hyponitrous arkl 
is formed in small quantity by reaction of n.trous ac.d and htd.oxsl- 


aininc: 
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HoNOH + HNC> 2 —H 2 N 2 0 2 + H 2 0 


H— ’O’ 'O'—H 

It is a very weak acid, with structure \ / 

N=N 
• • • • 

The acid decomposes to form nitrous oxide, N 2 0; it is not itself formed 
in appreciable concentration by reaction of nitrous oxide and water. 
Its salts have no important uses. 

Hydrogen Cyanide and Its Salts. Hydrogen cyanide, HCN (struc¬ 
tural formula H—CfeN:), is a gas which dissolves in water and acts 
as a very weak acid. It is made by treating a cyanide, such as potas¬ 
sium cyanide, KCN, with sulfuric acid, and is used as a fumigant and 
rat poison. It smells like bitter almonds and crushed fruit kernels, 
which in fact owe their odor to it. Hydrogen cyanide and its salts arc 
very poisonous. 

Cyanides arc made by action of carbon and nitrogen on metallic 
oxides. For example, barium cyanide is made by heating a mixture of 
barium oxide and carbon to a red heat in a stream of nitrogen: 

BaO + 3C + N 2 —>- Ba(CN) 2 + CO f 

The cyanide ion, (: G-N: )-, i s similar to a halide ion in its 
properties. By oxidation it can be converted to cyanogen, CjN* 
(: N=C CfeN :), analogous to the halogen molecules F 2 , Cl 2 , etc. 

The Cyanate Ion, Fulminate Ion, Azide Ion, and Thiocyanate Ion. 

By suitable procedures three anions can be made which are similar in 


structure to the carbon dioxide molecule : 6=*C=6: and the nitrous 
oxide molecule : N=N=6 : (these structures arc hybridized with other 
structures, such as : O^C-O : and its analogs). These anions are 


[: N=C=o: ] 
[ : C= N-^O: ] 
[ : N—N—N : ] 


evanate ion 


fulminate ion 


azide ion 
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A related ion is the thiocyanate ion, £. j^ =c== 3. J > which forms a 

deep-red complex with ferric ion, used as a test for iron. The azide ion 
also forms a deep-red complex with ferric ion. 

The fulminates and azides of the heavy metals are very sensitive 
explosives. Mercuric fulminate, Hg(CNO),, and lead azide, Pb(N 3 ) 2 , 
are used as detonators. 


18-6. The Oxidation States of Phosphorus 

Phosphorus, like nitrogen and the other members of the fifth group, 
has oxidation states ranging from -3 to +5. The principal compounds 
of phosphorus arc indicated in the following chart: 



P4O10 (P*0 6 ), phosphorus 
pentoxide 

P40* (PiO,), phosphorus 
trioxide 


P«, P-> white phosphorus, 
red phosphorus 

P 2 H* 

PH 3 , phosphine 


H 3 P0 4 , phosphoric 
acid 


H 2 HPO a , phosphorous 
acid 


HH,PO:, hypophospho- 
rous acid 


Phosphorus is less electronegative than nitrogen, but is a non-metallic 
clement, its oxides being acid-forming and not amphoteric The quin- 
quepositive oxidation state of phosphorus is more stable than that of 
nitrogen; phosphoric arid and the phosphates are not effective oxidi/.ing 
agents. The oxygen acids of phosphorus contain one more oxygen atom 
(and two more hydrogen atoms) than the oxygen acids of nitrogen lor 
corresponding oxidation levels. For example, the highest acid is 
corresponding to HNQ 3 : 


• An amphoteric oxide is an oxide that can 


combine both with acids and w.ih bases. 
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H 


• 

/ . . 

• • 

.O 

* O*—H 

‘O* 

• 

\ / 

* \ / 


P 

N 

• 

/ \ 

II 


O —H. 

*• «■ 

.O. 

• • 


18-7. Elementaly Phosphorus 

Phosphorus occurs in nature mainly as the minerals apatite, Ca 6 (P04) 3 F, 
hydroxyapatite , Ca 5 (P0 4 ) 3 (0H), and tricalcium phosphate {phosphate rock), 
ranging in composition from Ca 3 (P04) 3 to hydroxyapatite. Hydroxyapa¬ 
tite is the main mineral constituent of the bones and teeth of animals, 
and complex organic compounds of phosphorus are essential constitu¬ 
ents of nerve and brain tissue and of many proteins, and arc involved 
significantly in the metabolic reactions of living organisms. 

Elementary phosphorus is made by heating calcium phosphate with 
silica and carbon in an electric furnace. The silica forms calcium silicate, 
displacing phosphorus pentoxide, P 4 O 10 , which is then reduced by the 
carbon. The phosphorus leaves the furnace as vapor, and is condensed 
under water to white phosphorus. 

Phosphorus vapor is tetratomic: the P 4 molecule has a structure with 
each atom having one unshared electron pair and forming a single bond 
with each of its three neighbors (Fig. 10-4). 

At 1,600° C: the vapor is dissociated slightly, forming a few percent 
•of diatomic molecules P 2 , with the structure :P^P:, analogous to 
that of the nitrogen molecule. 

Phosphorus vapor condenses at 280.5° C to liquid white phosphorus, 
which freezes at 44.1° C to solid white phosphorus, a soft, waxy, colorless 
material, soluble in carbon disulfide, benzene, and other non-polar 
solvents. Both solid and liquid white phosphorus contain the same P, 
molecules as the vapor. 

White phosphorus is metastablc, and it slowly changes to a stable 
form, red phosphorus, in the presence of light or on heating. White phos¬ 
phorus usually has a yellow color because of partial conversion to the 
red lorm. The reaction takes several hours even at 250°. Red phosphorus 
is far more stable than the white form—it docs not catch fire in air at 
temperatures below 240°, whereas white phosphorus ignites at about 
4!) , and oxidizes slowly at room temperature, giving off a white light 
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(“phosphorescence”). Red phosphorus is not poisonous whereas white 
phosphorus is very poisonous, the lethal dose being about 0 5 g .t 
causes necrosis of the bones, especially those of the jaw. Wh.te phos¬ 
phorus burns are painful and slow to heal. Red phosphorus cannot I* 
converted into white phosphorus except by vaporizing it- It i* not ap¬ 
preciably soluble in any solvent. When heated to 500 or 600 red phos¬ 
phorus slowly melts (if under pressure) or vaporizes, f°cm,ng P, vapor. 

Several other allotropic forms of the clement arc known One of these, 
black phosphorus, is formed from white phosphorus under high pressure. 

It is still less reactive than red phosphorus. 

The explanation of the properties of red and black phosphors hes 
in their structure. These substances are high polymers, consisting of S 
molecules extending throughout the crystal. In order f°rjuch a crj-sta! 
to melt or to dissolve in a solvent a chemical reaction must take place. 
This chemical reaction is the rupture of some P-P bonds and formation 
of new ones. Such processes are very slow. 

The Uses of Phosphorus. Large amounts of phosphorus made from 
phosphate rock are burned and converted into phosphoric acid. Phos¬ 
phorus is also used in making matches. White phosphorus * " 0 . longer 
used for this purpose because of its dan S er to .he heahh of he uorke^ 
Ordinary matches are now made by dipping the end. of he mate 
sticks into paraffin, and then into a wet mixture of 

lead dioxide (or other oxidizing agent) and glue. Th 'e.dsos.ifeei 
matches contain antimony trisulfide and potassium chlorate or dichro 
mate, and the box is coated with a mixture of red phosphorus, powdered 

glass, and glue. 


18-8. Phosphine H 

/ 

The hydrides of phosphorus are phosphine, PH, (with structure : P-H. 

II 

H H 

. • \ pu ( ^p—P , analogous to hydrazine), 

analogous to ammonia), r 2**4 v \ 

and some solid hydrides, such a's P.H„ wiffi uncertain structure. Phos- 
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phine is not made by direct union of the elements. It is formed, together 
with the hypophosphite ion H 2 P0 2 “, when white phosphorus is heated 
in a solution of alkali: 

P 4 + 30H" + 3H 2 0 —3H 2 P0 2 “ + PH, f 

The gas made in this way, which contains a little P*H 4 , ignites spon¬ 
taneously on contact with air and bums, forming white fumes of oxide. 
To avoid explosion, the air in the flask must be displaced by hydrogen 
or illuminating gas before the mixture in the flask is heated. Phosphine 
is exceedingly poisonous. 



FIG. 18-1 Molecules of the oxides ojphosphorus. 


Phosphine has far less affinity for hydrogen ion than has ammonia. 
Its only salts are phosphonium iodide, PH 4 I. and phosphonium chloride, 
PH.Cl. These salts decompose on contact with water, liberating phos- 
phine. 


18—9. The Oxides of Phosphorus 

Phosphorus P'ntoxide, usually assigned the formula P,0 6 . consists of mole¬ 
cules P.O,„, with the structure shown in Figure 18-1. It is formed when 
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phosphorus is burned with a free supply of air. It reacts with water with 
Jreat vigor, *° form phosphoric acid, and it is used in the laboratory 

^SiTp^ P.O. (Fig- 18-1), U made, together with 
the pentoxide, by burning phosphorus with a r«mctcd supply o^^. 

It is much more volatile than the pentox.de (P.O., «".p. 22^5 . 

b.p. 173.1° C; P,O 10 , sublimes at 250°), and ts eas.ly pur.fied b> dis¬ 
tillation in an apparatus from which air is excluded. 

A third oxide, P.O,., is also known. It is formed together with red 
phosphorus, when the trioxide vapor .s heated -o about 450 . 

18-10. Phosphoric Acid 

Pure orlhophosphoric add, H,PO„ is a deliquescent rrystalhnc sul,stance 
with melting point 42° C. Commerc.al phosphoric and a 
liquid. It is made by dissolving phosphorus pentox.de m wa'cr. 

^t was pointed out in the preceding chapter that phosphor., ac.d M 

weak acid, its first dissociation constant being 0.75 X 10 . 

substance, without effective oxidizing power. , 

Orthophosphoric acid forms three scries of salts w.th 
three of its hydrogen atoms replaced by me,ah The usua <> 

made by mixing phosphoric acid and the rnetal iI**™"*" 
in proper proportion. Sodium dihydrogen p tosp ia r. « - ,mixed 

primary sJiunTphosphalc), is faindy acidic in rcact.on. I. ts u«d m.«d 
with sodium hydrogen carbonate) in baking lewder and '<>■ 

rreatinTboder Lter, to prevent formation of scale. hydro** 

phosphate, NajHPO. (secondary sodium phosphate), .s sl.g . • , 

action. Tdsodium phosphate, Na,PO. (tertiary sodium phosphate) , .s ' 
basic. It is used as a detergent (for cleaning woodwork, etc.) and lb. 

Phosphates are valuable fertilizers. Phosphate rock l r " f « 11 ,0 

phate, Ca,(PO«)„ and hydroxyapatite] is 

an effective source of phosphorus for plants. It is mi . 

into the more soluble substance calcium Jilrydrogen phosphate. C.a(ll ; I O,), 

This may be done by treatment with sulfuric acid: 

Ca,(PO<), + 2II-SO, — 2C-.SO. + C...(l l ; l*< >,), 

Enough water is added to convert the calcium sulfate to i( * 
gypsum, and the mixture of gypsum and calc.u.n ddiyd.ogen 
is sold as “superphosphate of lime.” Somct.mes the phosphate rock 
treated with phosphoric acid: 
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Caj(PO«)t + 4H a PO, 3Ca(H 2 POi>! 

This product is much richer in phosphorus than the “superphosphate”; 
it is called “triple phosphate.” 

The Condensed Phosphoric Acids. Phosphoric acid easily undergoes 
the process of condensation. Condensation is the reaction of two or more 
molecules to form larger-molecules, either without any other products 
(in which case the condensation is also called polymerization), or w.th the 
elimination of small molecules, such as water. Condensat.on of two phos¬ 
phoric acid molecules occurs by the reaction of two hydroxyl groups 

•’o'" —H to form water and an oxygen atom held by single bonds to 

/ 

two phosphorus atoms. 

When orthophosphoric acid is heated, it loses water and condenses 
to diphosphoric acid or pyrophosphoric acid , H 4 P 2 0 7 : 

2H3PO4 +=* h 4 p 2 o 7 + h-o | 

(The name pyrophosphoric acid is the one customarily used.) This acid is 
a white crystalline substance, with melting point 61° C. Its salts may 
be made by neutralization of the acid or by strongly heating the hy¬ 
drogen orthophosphates or ammonium orthophosphates of the metals. 
Magnesium pyrophosphate is obtained in a useful method for quantita¬ 
tive analysis for either magnesium or orthophosphate. A solution con¬ 
taining orthophosphate ion may be mixed with a solution of magnesium 
chloride (or sulfate), ammonium chloride, and ammonium hydroxide, 
t he very slightly soluble substance magnesium ammonium phosphate, 
MgNH,POi• 6HjO, then slowly precipitates. The precipitate is washed 
with dilute ammonium hydroxide, dried, and heated to a dull-red heat, 
causing it to form magnesium pyrophosphate, which is then weighed: 

2MgNH 4 PCV6H,0 —*- Mg-P 2 0 7 + 2NH 3 + 13H 2 0 

The interconversion of pyrophosphates and phosphates is important 
in many bodily processes, including the metabolism of sugar. This 
reaction occurs at body temperature under the influence of special 
enzymes. 

Larger condensed phosphoric acids also occur, such as H 6 P3O, 0 . Most 
important are those in which each phosphate tetrahedron is bonded by 
oxygen atoms to two other tetrahedra. These acids have the composition 
(HPO 3 ),, with .v = 3, 4, 5, 6, ••• . They are called the metaphosphor ic 
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acids. Among these acids are telrametaphosphoric acid and hexametaphosphnnc 

QC 'Metaphosphoric acid is made by heating orthophosphoric acid or 
pyrophosphoric acid. It is a viscous, sticky mass, wh.ch contains, in 
addition to ring molecules such as H,P,Os„ long chains approaching 
(HPOa) in composition. It is the long chains, which may also be con¬ 
densed together to form branched chains, which, by becoming entangled, 
make the acid viscous and sticky. 

The process of condensation may continue further, ultimately leading 


to phosphorus pentoxide. 

The metaphosphates arc used as water softeners. Sodium hexaincta- 
phosphate, Na t P,0,„ is especially effective for this purpose. 1 he hexa- 
metaphosphate ion can combine with one or two calcium ions or ferric 
ions) to form soluble complexes, [CaP t O,«l and lCa ; P 5 'isI • 


18-11. Other Compounds of Phosphorus 

Phosphorous acid, H,HPO„ is a white substance, m.p. 74* C. which 
is made by dissolving phosphorus trioxide in cold water: 

P.O, + 6H1O —4H-HPO, 

It may also be conveniently made by the action of water on phosphorus 
trichloride: 


PCh + 3H,0 —I IjHPOj + 3HC3 

Phosphorous acid is an unstable substance. When healed i. umlergo, 
auto-oxidation-reduclion to phosphine and phosphoric a. id 


4HjHPOj —3H.PO, + PI la 

The acid and its salts, the phosphors, are (towc-rlul reducing ag. nls. Its 
reaction with silver ion is used as a test for phosphi.c ,on: a black pre¬ 
cipitate is formed, which consists of silver phosphate. Ag.PO,. colo.ed 
black by metallic silver formed by reduction of silver ion 1 hosplu.e ion 
also reduces iodate ion to free iodine, which can be delected b\ t >• 
starch test (blue color) or by its coloration of a small volume ol carbon 

tetrachloride shaken with the aqueous phase. 

Phosphorous acid is a weak acid, which forms iwo series ol sills. 
Ordinary sodium phosphite is Na-HPO.-51I O. .W«w> hyd, 

NaHHPOj- 5H-0. also exists, but the third hydrogen atom cannot b. 
replaced by a cation. It will be mentioned in Chapter 31 dial the non- 
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acidic character of this third hydrogen atom is due to its attachment 
directly to the phosphorus atom, rather than to an oxygen atom. 


H O'-H 

\ / 

P 

. / \ 

:p, 

The phosphite ion is HPOj”“, not PO a 


Hypophospnorous Add. The solution remaining from the prepara- 
,ion of phosphine from phosphorus and alkali contams dte^^^ 
ion H*PO*“. The corresponding acid, hypophosphorous acid, HH 2 P0 2 , can 
be’prepared by using barium hydroxide as the alkali, thus forming 
barium hypophosphite, Ba(H,PO,)„ and then adding to the soluuon the 
calculated amount of sulfuric acid, which precip.tates banum sulfate 
and leaves the hypophosphorous acid in solution. 

Hypophosphorous acid is a weak monoprotic acid, forming only one 
series of salts. The two non-acidic hydrogen atoms are bonded to the 
phosphorus atom: 


H ’O’—H 

\ / 

p 

/\ •. 

H P, 

The acid and the hypophosphite ion are powerful reducing agents, 
able to reduce the cations of copper and the more noble metals. 


The Halides and Sulfides of Phosphorus. By direct combination of 
the elements or by other methods the halides of terpositive phosphorus 
(PF 3 , PC1 3 , etc.) and of quinquepositive phosphorus (PF 6 , PC1 6 , etc.) can 
be formed. These'halides are gases or easily volatile liquids or solids, 
which hydrolyze with water, forming the corresponding oxygen acids 
of phosphorus. The electronic structures of the phosphorus trihalides 
and pentahalidcs have been discussed in earlier chapters. These halides 
arc useful in the preparation of inorganic and organic substances. 

Phosphorus pentachloride with a little water forms phosphorus oxychlo¬ 
ride , POCh, which is used as a chemical reagent. Phosphorus penta- 
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chloride reacts in general with the inorganic oxygen acids and organ.c 

chlorine atom in place of the hydroxyl group OH. Thus from 
acid it produces chlorosulfunc acid, HSOjCl: 

SO,(OH), + PQ. — SO,(OH)Cl + POCU + HC1 

With an excess of phosphorus pentachloride the substance sulfuryl 
chloride, SOaQ,, is formed: 

so 2 (OH), + 2Pa, — so,a, + 2 Poa 3 + 2HC1 

Sulfur and phosphorus combine when heated together to form various 
aunur ana F P P and P 4 S 3 The last of these, tetraphos- 

compounds, including P*S & , ana * 

phorus trisulfide, is used as a constituent of match heads. 


18 - 12 . Arsenic, Antimony, and Bismuth 


"''Representative compounds of the fifth-group elements arc shown in 
,hC T C h h e a o t xi 0 des P o a f 8 ars 3 e > n 2 ic are acidic; with water they form arsenic acid 

1 he oxiacs o w hich resemble the corresponding 

antimony ion, Sb+~). Bismuth tr.ox.de .s pr.mar.ly a bas.c ox.de, 
forming the ion Bi w ; its acidic act.v.ty .s sl.ght. 

. • A i,. Orrs Elementary arsenic exists in several forms. 

33.“ si zt. 

culcs, and soluble in carbon disulfide, also exists, i nc g > 

covalent layer structure^ indudc orpime ^ As,S 3 (from Latin 

The chief miner realgar AsS (a red substance), arscnolite , 

aunpigmenlum , yellow pigment), » v 
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NjOj P«O l0 As,O s SbiO s Bi 2 0 6 

HNOj HjPOi HjAsO. HSb(OH), 

PC1 5 AsCls SbCls 


+ 5 


+ 4 N0 2 

n 2 o 3 

+ 3 HN0 2 

nci 3 

+ 2 NO 


P 4 O e As 4 0 6 Sb«0 6 Bl «9 6 

H 2 HP0 3 HjAsOj H 3 Sb0 3 

PC1 3 AsC1 3 SbCls BiC1 3 

Sb 4 "^ 


+1 

n 2 o 

h 2 n 2 o 2 

hh 2 po 2 




0 

Nj 

P 4 

As 

Sb 

Bi 

-1 

NHiOH 





_2 

n 2 h 4 

p 2 h 4 




-3 

nh 3 

NH«* 

ph 3 

PH, 4 - 

AsH 3 

SbH a 

BiH 3 


As.O,. and arsenopyrite, FeAsS. Arsenic trioxidc (arsenious oxide) is ob¬ 
tained bv roasting ores of arsenic. The element is made by reducing 
the trioxidc with carbon or by heating arsenopyrite: 


4FcAsS —*- 4FcS + As 4 t 

Arsenic is inert at room temperature, but ignites when heated, burn¬ 
ing with a bluish flame to produce white clouds of the trioxide. « w 
oxidized to arsenic acid, H^XsO,, by hot nitric acid and other powerful 
oxidizing agents. Arsenic combines with many other elements, both 

metallic and non-metallic. , 

Arsenic is used with lead (0.5% As) in making lead shot. It makes the 
metal harder than pure lead, and also improves the properties of the 
molten metal—the shot arc made by pouring the metal through a sieve 
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at the top of a tall tower, 
spherical form and then to 
of the tower. 


which permits the liquid drops to assume a 
harden before falling into water at the base 


Arsine. 

like odor, 
arsenide, 


Arsine, AsHa, is a colorless, very poisonous gas with a garlic- 
It is made by reaction of a metallic arsenide, such as zinc 

with acid: 


ZmAsa + 6HC1 —- 3ZnCl, + 2AsH, f 

It also is formed by reduction of soluble arsenic compounds by zinc 

in acidic solution. This reaction is the basis.of,« “P"**"**^' S< " 
test for arsenic, the Marsh Ust. The arsen.c is deposited as a steel-gray 
or black mirror from the burning gas on to a cold 

held in the flame. Antimony produces a velvety brown or black deposit 
which is not soluble in sodium hypochlorite solution, whereasthe^rcemc 
deposit is. The antimony deposit, bu, not that of arsenic d.^v« m 
ammonium polysulfide solution. This test for arsen.c will detect 

small an amount as 1 X 10 -6 g. 


The Oxides and Acid, of Arsenic. Arsen,c lnox.de (arsemous ox.de 
As.O,) is a white solid substance which sublimes readily, and is easily 
purified by sublimation. Its molecules have the same structure as phos¬ 
phorus trioxide, shown in Figure 18-1. It is a violent poison, and is 

used as an insecticide and for preserving skins. 

Arsenic trioxide dissolves in water to form arsemous ac,d HjAsO,. This 
ac^d differs Tom phosphorous acid in tha, all three of i*Mrogen atoms 
arc attached to oxygen atoms, and arc replaceable by metal. It a very 
weak acid. Cupric hydrogen arsenitc, CuHAsO, and a cupric arsen.te- 

acetate (called Paris green) arc used as insecticides. 

“ifc pm**. A^Os, is no, obtained by burning a—.c bu, can 

be made by boiling arsenic trioxidc with concentrated nitric acid. With 

■ e ^ •- -riJ h AsO* which is closely similar to phosphoric 

water it forms arsenic acid t H*AsU«, wnicn is t y ... , h 

acid. Sodium arsenate, Na,AsO„ is used as a weed killer and other 
arsenates (especially of calcium and lead) are used as ‘''secuc des^ 

The foxicity of arsenic compounds to living organisms is utilized in 
chemotherapy; several organic compounds of arsenic have been dis¬ 
covered which are able to attack invading organisms, such as the sp. 
The* TSplulis, when taken in amounts smaller than the amount 

poisonous to man. 
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Antimony. The principal ore of antimony is stibniu, SbS,, a steel- 
£ ay or Hack mineral which forms beautiful crystals. The metal » usu- 
ally made by heating stibnite with iron: 

Sb 2 S 3 + 3Fe —*- 3FcS + 2Sb 

Antimony is a brittle metal, silvery-gray in color. It has **\ P '° P “!£ 
of expanding on freezing, and its main use » as » const. ««* * ' 
metal (82% lead, 15% antimony, 3% un), on which it confers this 
property, thus giving sharp reproductions of the mold 

The oxides and acids of antimony resemble those of arsenic, 
that antimony in antimonic acid has coordination number 6, the for¬ 
mula of antimonic acid being HSb(OH).. A solution ofpoWsum anU- 
monate, K + [Sb(OH)»] - , finds use as a test reagent for sodmm mn 
sodium antimonate, NaSb(OH)., one of the very few sodium saUs with 
slight solubility in water (about 0.03 g per 100 g) is prcc-p.ta ed The 
antimonate ion condenses to larger complexes when heated, Jus con¬ 
densation may ultimately lead to macromolccular structures, such as th 

of dehydrated potassium antimonate, KSbOj. 

Antimony trioxide, Sb,O t , is amphoteric. In addition to reacting 
with bases to form antimonites, it reacts with acids to form antimony 
salts, such as antimony sulfate, SH(SO.), The antimony ion Sb 
hydrolyzes readily to form the antimonyI ton, SbO+. 

Antimony trichloride, SbCl„ is a soft, colorless ^ b ^nce, which 
hydrolyzes with water, precipitating anumonyl chloride, SbOUl. 1 ne 
reaction may be reversed by adding hydrochloric acid, forming the 
complex anion SbCI," This anion can be oxidized by icdate ion to a 
similar complex anion of quinquevalcnt antimony: 

5SbClr + 2IOj" + 12H+ + 10C1- —*• 5SbCl t - + Is + 6H-0 
This reaction may be used for the quantitative determination of anti- 
mony. 


Bismuth. Bismuth occurs in nature as the free clement, and as the 
sulfide Bi 2 S 3 and the oxide Bi 2 0 3 . The metal is won from its compounds 
by roasting and reducing the oxide with carbon. It is a brittle metal, 
with a silvery color showing a reddish tinge. It expands slightly on freez¬ 
ing. Its principal use is in making low-melting alloys (sec Cadmium, 
Chap. 27). 

The oxides of bismuth are basic, forming salts such as bismuth chlo¬ 
ride, BiCV H .O, and bismuth nitrate, Bi(N0 3 ) 3 - 5H 2 0. These salts when 
dissolved in water hydrolyze, and precipitate the corresponding bis- 
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muthyl compounds, BiOCl and Bi(OH),NO, (or BiONO,• H t O). The 
compounds of bismuth have found little use; bismuthyl nttrate and some 
other compounds are used to some extent m medicine. 


Exercises 
18-1. 


18-2. 

18-3. 

18-4. 

18-5. 

18-6. 


Wha, are the commercial method, of preparing (a) nitrogen, (b) ammonia, 

(c) nitric acid, and (d) calcium cyanam.de? 

Describe laboratory methods of preparing (a) ammonia, (b) mtrous ox.de, 

5) nitric oxide, (d) dinitrogen trioxide, (e) nitrogen d.ox.de, (0 mmc ac. . 

(g) sodium nitrite, (h) hydrazine, (i) ammonium amalgam. 

Write the electronic structure of the nitrate ion. 

Write a balanced chemical reaction to represent the formation of 
sulfate,* carbon dioxide, and nitrogen from potassium n.tra.e, carbon, and 

sulfur. . , 

Wha, chemical reaction takes place between nitrous acid and brom.ne? between 

nitrous acid and iodide ion? 

Wha, chemical reaction take, place between nitrogen diox.de and a solut.on 
of sodium hydroxide? 

18-7. What is the electronic structure of hydrazine? 

18-8. Balance the chemical reaction 

N.H* + Cr.O - —*■ Cr*~ + N, f 
18-9. What is the electronic structure of the aside ion? 

,8-10. How does the electronic structure of the cyanide ion compare w.th 

nitrogen? ... f/N 

18-11. Write the chemical equation for the reaction involved m the decoloring 
blue solution of sodium in liquid ammonia. 

. . . rrart ; n n of solutions of sodium amide and ammonium 

,8 ‘ 12 ' £>3e re in*iquid ammonia with tha, of aqueous solutions of sodium hydroxide 
and hydrogen chloride. 

18-13. What is the electronic structure of nitrous oxide? 

18-14. Wha, are possible electronic structure, for nitrogen te.rox.de? 

What are the formulas and structure, of the oxygen acids of the +5 ox,da,.on 
states of the fifth-group elements? 

the properties of the*- compound, vary w.th atom.c number. 

What are apatite and hydroxyapatite? 

Write the chemical equation for the preparation of phosphorus in the electee 
furnace. 


18-15. 

18-16. 

18-17. 

18-18 
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18-19. Compare the base strengths of PH, and NH* What generalization about 
tendency to share electrons with a proton will summarize all the facts you have 
learned about the basic and acidic strengths of NH*, PH*, HiO, H»S, HjSe, 
HF, HC1? 

18-20. Write the chemical equation for the condensation of orthophosphoric acid to 
pyrophosphoric acid. How may this chemical equilibrium be driven either to 
the right or to the left? 

18-21. What is the structure of metaphosphoric acid? 

18-22. Write a chemical equation for the reduction of Ag + by a solution of sodium 
phosphite. . 

18-23. Compare the properties of PCI* and BiCl*. 

18-24. Write chemical equations illustrating the acidic and the basic properties of the 
+ 3 oxidation state of antimony. 

18-25. Which are the most metallic of the fifth-group elements? 

18-26. Give the name and formula of an ore of antimony and an ore of arsenic. 

18-27. Write a chemical equation for the preparation of SbjO* from SbjO*. 

18-28. What chemical reaction takes place when bismuth nitrate is dissolved in water? 


Chapter ig 


The Rate of 

Chemical Reactions 


19 - 1 . Factors Influencing the Rate of Reactions 

atlked in ,he consideration of a proposed chcm- 
Two questions may be askc uscful substance. One ques- 

ical process, such as the prep possible for the reaction 

tion “Are the stability* P- 

to occur?”—is answered by discussi on of chemical equilibrium 

of this subject is mention ion discussed in this chapter, is 

in following chapters. T e sec conditions will the reaction pro- 

equally important; it is, Un nrArticable*” 

cced sufficiently rapidly for the mc,h ^‘°completion, but 
Every chemical 

some reactions arc very fast usually extremely 

ions in solution without change in oxi a ^ ^ ^ a basc> which pro - 

fast. An example is the ncutra iz , Presumably nearly every 

« rf , a. fast a, .h. and 

time a hydromum ion collides w y dc i ay i n tho 

the number of collisions is very great. > *° f jlver ch i or idc 

reaction. The formation wUh a solution containing 

when a solution containing s thc io ns to diffuse 

chloride ion, may require a few seconds P 
together to form the crystalline grains of the precipitate 

Ag+ + Cl" —*- AgCl | 
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2Fe +++ + Sn ++ —>- 2Fc++ + SH++++ 

This reaction does not occur every time a stannous ion collides with 
one or two ferric ions. In order for reaction to take place, the collision 
must be of such a nature that electrons can be transferred from one ion 
to another, and collisions which permit this electron transfer to occur 
may be rare. 

An example of a reaction which is extremely slow at room temper¬ 
ature is that between hydrogen and oxygen: 

2H 2 + 0 2 ->- 2H 2 0 

A mixture of hydrogen and oxygen can be kept for years without ap¬ 
preciable reaction. 

The factors which determine the rate of a reaction are manifold. 
The rate depends not only upon the composition of the reacting sub¬ 
stances, but also upon their physical form, the intimacy of their mixture, 
the temperature and pressure, the concentrations of the reactants, special 
physical circumstances such as irradiation with visible light, ultraviolet 
light, X-rays, neutrons, or other waves or particles, and the presence of 
other substances that affect the reaction but are not changed by it. 

Homogeneous and Heterogeneous Reactions. A reaction which takes 
place in a homogeneous system (consisting of a single phase) is called 
a homogeneous reaction. The most important of these reactions arc 
those in gases (such as the formation of nitric oxide in the electric arc, 
N 2 4- 0 2 2NO), and those in liquid solutions. The effects of tem¬ 

perature, pressure, and the concentrations of the reactants on the rates 
•of homogeneous reactions arc discussed below. 

A heterogeneous reaction is a reaction involving two or more 
phases. An example is the oxidation of carbon by potassium perchlorate: 

KCIO* + 2C —KC1 + 2C0 2 f 

This reaction and sinylar reactions occur when perchlorate propellants 
are burned. (These propellants, used for assisted take-off of airplanes 
and for propulsion of rockets, consist of intimate mixtures of very fine 
grains of carbon black and potassium perchlorate held together by a 
plastic binder.) Another example is the solution of zinc in acid: 

Zn + 2H + —Zn*+ + H 2 f 

In this reaction three phases are involved: the solid zinc phase, the solu¬ 
tion, and the gaseous phase formed by the evolved hydrogen. 
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The Rate of Heterogeneous Reactions. A heterogeneous reaction 
7akcs place at the surfaces (the interface) of the reacting phases, and it 
can be P madc to go faster by increasing the extent of the surfaces. Thus finely 
dWided'inc reacts more rapidly with acid than does coarse zinc and 
the rate of burning of a perchlorate propellant ts increased by gr> g 
the notassium perchlorate to a finer crystalline powder. 

Sometimes a reactant is exhausted in the neighborhood of the interface, 
and the reaction is slowed down. Stirring the mixture then accelerates 
the reaction, by bringing fresh supplies of the reactant into the react.on 

r °£/y sts may accelerate heterogeneous as well as homogeneous reac¬ 
tions Asm",,"amount of cupric ion speeds up the solution of zme in 
acid,' and manganese dioxide increases the rate of evolut.on of oxygen 

fr °The°rIiTTf ^ady'all chemical reactions depend greatly?" 
temperature. It is nearly universally true that reactions are speeded up 

h^^^^zed to accelerate certain chemical reaction. 
The formation of a zinc amalgam on the surface of the grains of zme by 
treatment with a small amount of mercury increases the speed of the 

"olutfon'o" zinc in acid is retarded somewhat by -he bubbles of 
hydrogen which prevent the acid from achieving contact with the zinc 
^ . rf'irf* This effect can be avoided by bringing a plate 

to Hyd^gcn is liberal .. of .he copper or ptoton. 

and zinc dissolves at the surface of the zinc plate: 

2H t + 2e~ —*• H, t at copper surface 
Zn Zn++ + 2e~ at zinc surface 

solution is maintained by the migration of ions. 


19 — 2 . Homogeneous Reactions 

Most actual chemical processes are very complicated, 
of their rates is very difficult. As a reaction proceeds, the reacting sub 
stances Ire used up and new ones are formed; the temperature of the 
system is changed by the hea, evolved or absorbed by the react.on, and 
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other effects may occur which influence the reaction in a complex way. 
For example, when a drop of a solution of potassium permanganate is 
added to a solution containing hydrogen peroxide and sulfuric acid no 
detectable reaction may occur for several minutes. Then the reaction 
speeds up, and finally the rate may become so great as to decolorize a 
steady stream of permanganate solution as rapidly as it is poured into 
the reducing solution. This effect of the speeding-up of the reaction is 
due to the vigorous catalytic action of the products of reduction of per¬ 
manganate ion: the reaction is extremely slow in the absence of the 
products, and is rapidly accelerated as soon as they are formed. 

The explosion of a gaseous mixture, such as hydrogen and oxygen, and 
the detonation of a high explosive, such as glyceryl trinitrate (nitroglyc¬ 
erin), arc interesting chemical reactions; but the analysis of the rates of 
these reactions is made very difficult because of the great changes in 
temperature and pressure which accompany them. 

The great rate at which a chemical reaction may occur is illustrated 
by the rate at which a detonation surface moves through a specimen of 
glyceryl trinitrate or similar high explosive. This detonation rate is about 
20,000 feet per second. A specimen of high explosive weighing several 
grams may accordingly be completely decomposed within a millionth 
of a second. Another reaction which can occur very rapidly is the fission 
of the nuclei of heavy atoms. The nuclear fission of several pounds of 
U 231 or Pu 239 may take place in a few millionths of a second in the explo¬ 
sion of an atomic bomb (see Chap. 33). 

In order to obtain an understanding of the rates of reactions, chemists 
have attempted to simplify the problem as much as possible. A good 
understanding has been obtained of homogeneous reactions (in a gaseous 
or liquid solution) which take place at constant temperature. Experi¬ 
mental studies arc made by placing the reaction vessel in a thermostat , 
which is held at a fixed temperature. The quantitative theory of reaction 
rate, discussed below, has special interest because of its relation to the 
theory of chemical equilibrium, which is treated in the following chapter. 

19 - 3 . The Rale of a First-Order Reaction 
at Constant Temperature 

If a molecule, which we represent by the general symbol A, has a tend¬ 
ency to decompose spontaneously into smaller molecules 

A —*- B -|- C 

at a rate which is not influenced by the presence of other molecules, we 


[§ 19-3} The Rate of a First-Order Reaction at Constant Temperature 401 

expect that the number of molecules which decompose by such a unimolecular 
process in unit time will be proportional to the number present. If the volume 
of the system remains constant, the concentration of A will decrease at 
a rate proportional to this concentration. Let us use the symbol |A] for 
the concentration of A (in moles per liter). The rate of decrease in con¬ 
centration with time is, in the language of the calculus, d ^- For a 
unimolecular decomposition we accordingly may write the equation 

_4A] = *Ia] < 19 -» 

at 

as the differential equation determining the rale of the reaction.’ The factor k 
is called the first-order rate constant. A reaction of this kind is called a 
first-order reaction ; the order of a reaction is the sum of the powers of 
the concentration factors in the rate expression (on the right side of 

the rate equation). ... 

For example, the rate constant k may have the value 0.001, with the 
time t measured in seconds. The equation would then state that during 
each second 1/1,000 of the molecules present would decompose. Suppose 
that at the time t = 0 there were 1 , 000 , 000,000 molecules per milliliter 
in the reaction vessel. During the first second 0.1% of these mole¬ 
cules would decompose, and there would remain at / = 1 second only 
999,000,000 molecules undecomposcd. During the next second 999,000 
molecules would decompose, and there would remain 998.001,000 mole¬ 
cules. + After some time (about 693 seconds) half of the molecules would 
have decomposed, and there would remain only 500,000,000 undecom¬ 
posed molecules per milliliter. Of these about 500,000 would decompose 
during the next second, and so on. After another 693 seconds there 
would remain about 250,000,000 undccomposed molecules, and after 
still another 693 seconds there would remain about 125,000,000, and 
so on. During each period of 693 seconds the concentration of reactant 
is reduced to one-half its value at the beginning of the period. 

This relation between concentration of reactant and the time t is 
shown by the curves in Figure 19-1. It is seen that each curve decreases 
by one-half its value during successive constant time intervals. The neg- 


• Do no. be discouraged by .his cqua.ion even if you have no, s.ud.ed ,hc calcuh* and 
arc no. familiar with any cqua.ions of <his sort. The expressusn on the left of Equal.on 19-1 
is ,he rate of .he re.C.on-.hc amount of decrease of concent.,.on of .he rear,mg substance 
in uni, time. The expression on the right shows .ha, .his rate of decrease a proport.onal ,o 

the concentration itself. . _ , _ 

t These number, are no, precise. Tire molecules decompose a,random a the 
r.« given by Equation 19-1. and a small s.a.is.ical fluc.ua,.on from ,1m rate u «o be expected. 
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ative slope of each curve at any point is proportional to the value of 
the curve at that point, as required by Equation 19-1. 

The algebraic equation which expresses this relation is 

[A] = [AV~“ (19-2) 

This is the equation that is obtained by integrating Equation 19-1; 
it is equivalent to Equation 19-1. Equation 19-2 is called the reaction-rate 
expression for a first-order reaction in the integrated form. It states that the con- 



F 1 G . 19-1 Curves showing decrease with time of the amount remaining of a 
substance decomposing by a first-order reaction , with indicated values of the 
reaction-rate constant. 


ccntration of the reactant at time t is equal to the concentration at time 0, 
[A ]o, multiplied by the exponential factor e **. Here e is the base of nat¬ 
ural logarithms, with value 2.718 - • • . The nature of this function can be 
seen from Figure 19-1. 

The first-order character of a reaction may be tested by observing the 
rate of disappearance of reactant (the amount disappearing in a short 
time) at various concentrations, and comparing with Equation 19-1, or 
by observing the concentration itself for a particular sample for a long 
time, and comparing with Equation 19-2. 


Examples of First-Order Reactions. Not many first-order reactions 
arc known. One very important class of reactions of this type is radio- 
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active decomposition. Each nucleus of radium or other radioactive 
element decomposes independently of the presence of other atoms and 
in consequence the rate of radioactive decay corresponds to Equa- 

^Thctimc required for one-half of a first-order reactant to decompose 
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is called its half-life. This time is 693 times the time squired for 0.1% 
of the reactant to decompose. The half-life of radium itself is 1,733 years. 
Hence every 1,733/693 = 2} years 0.1% of the radium nuclei in a 
sample of radium undergo radioactive disintegrauon. _ ... 

A representative first-order gas-phase chemical reaction is the de¬ 
composition of azomethane, CH,-N=N-CH 1 , into ethane and nitro¬ 


gen 


. * 


CHjNNCH, —C,H, + N, 

The molecular mechanism of this reaction is indicated in Figure 19-2. 
Most of the azomethane molecules have the configuration shown as A, 
with the methyl groups at opposite sides of the N—N axis. This iscalled 
the tram configuration. A few molecules have the m configuration, B 
If a molecule with the cis configuration collides very vigorously with 
another molecule, it may be set into very violent vibration, sufficient to 
bring the two carbon atoms close together, as shown in C. In this con¬ 
figuration the two N—C bonds tend to break, forming a C—C bond 
and another N—N bond. This tendency is indicated by the dashed 
valence-bond lines in C. The molecule C may either return to configura¬ 
tion B, or break the C—N bonds and separate into two molecules, D. 

Two other first-order chemical reactions are the decomposition of 
nitrogen pentoxide, N 2 0 6 , into nitrogen dioxide and oxygen, and the 
decomposition of dimethyl ether, CH,—O—CH,, into methane, carbon 
monoxide, and hydrogen: 


2N 2 0* —4N0 2 + 0 2 
CH 3 OCH 3 —*- CH< + CO + H 2 

It is to be noted that the order of a reaction cannot be predicted from the 
stoichiometric over-all equation. The equation for the N 2 0 5 decomposition 
makes use of two molecules of the reactant, but the reaction is in fact a 
first-order reaction. This shows that the reaction takes place in steps; 
first there occurs a first-order decomposition, probably 


N 2 0* —NO, + NO. 

This is followed by other reactions, such as 
2N0 3 —2NOs + 0 2 

A simple method of studying the rate of a gaseous reaction in which 
the number of molecules of product is either greater or smaller than the 
number of molecules of reactant is the measurement of change in pres- 

• Some other products also are formed, by other reactions of azomethane. 
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sure The reactant is placed in the reaction vessel in the thermostat, 
and the gas pressure is then measured from t.me to time by a gauge. 
This method is illustrated by the following example. 

Example 1. At a given temperature a sample of dimethyl ether is 
^ to have initial pressure [of pure (CH,),0) of 300 mm Hg, and 
!o seconds later the pressure has increased to 3083 mm. How long wou d 
i, take for the pressure to reach 600 mm, and how long would it then 

take for the pressure to change to 608.1 mm? 

Solution. Let us answer the second question first. The reaction is 

(CH 3 ) 2 0 —CH 4 + CO + h 2 

Hence the number of molecules is tripled by the decomposition; 
the final pressure will be 900 mm. When half the ether has decom¬ 
posed, the pressure will be 600 mm (/W - >50, />ch. » 

£ = 150 P„ = 150). Since there is then only half as much ether 

present as’initially, the rate of decomposition will be only half as 
great, and it will accordingly take 20 seconds for the pressure to 
increase by 8.1 mm, which initially required 10 seconds. 

The first question is answered in the following way. From Equa- 
tion 19-1 we derive 

- 

since the partial pressure of a gas at constant temperature is pro¬ 
portional to concentration. The increase m «o«alpressureof83 mm 
in 10 sec means a decrease of 4.05 mm in p,*,. in 10 sec, or 0.405 mm 

per sec: 


_ < !hiha = 0.405 mm/scc 
dt 


Hence 

= 0-405 = 0.00135 sec" 1 
300 

The total pressure will reach 600 mm when has fallen to 1 50 
mm from the initial value » = 300 mm. Equat.on 19-2 is 


p = pf' 

In our case & = 0.5. Hence we want to find the value of t at which 
,-*> = 0.5. The function e~‘ has the value 0.5 when x = 0.693. (We 
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have -a- = In 0.5 or * = In 2 = 2.303 log 2 = 2.033 X 0.301 = 
0*93.) Hence kt = 0.693 with k = 0.00135, or t = 0.693/0.00135 = 

513 sec. . 

We may derive this answer in another way, using the statement 

in the text that the half-life is 693 times the time required for 0.1% 
decomposition. (This statement is proved in the preceding para¬ 
graph, where it is shown that eT* = Vi when x = 0.693.) In 10 sec¬ 
onds the partial pressure of dimethyl ether decreases from 300 mm 
to a value 4.05 mm less, a decrease of 1.35%. Hence there is 0.1% 
decomposition in 10/13.5 = 0.741 seconds. The half-life of the 
ether is hence 693 X 0.741 = 513 sec, which is the answer. 


19-4. Reactions of Higher Order 

If reaction occurs by collision and interaction of two molecules A 
and B, the rate of the reaction will be proportional to the number of 
collisions. The number of collisions in unit volume is seen from simple 
kinetic considerations to be proportional to the product of the concen¬ 
trations of A and B. Hence we may write as the differential rate expres¬ 
sion for this second-order reaction 


rate of reaction = — “ *l A l (19-3) 

Here — is the rate of decrease in concentration of [A] and — 


is that of [B]; they are equal, the reaction being A + B —>- products. 
The factor k is the second-order rate constant. 

' It must again be emphasized that the stoichiometric equation for a reaction 
does not determine its rate. Thus the oxidation of iodide ion by persulfate ion 


S 2 CV- + 21" 2S0 4 ~ + h 

might be a third-order reaction, with rate proportional to [S 2 0 8 "~] [I") 2 ; 
it is in fact second-order, with rate proportional to [S 2 O g ~~) [I“l- In this 
case the slow, rate-determining reaction is the reaction between one 
persulfate ion and one iodide ion, 

S 2 0# -f I" —products 

This is followed by a rapid reaction between the products and another 
iodide ion.* 


• The slow reaction probably produces the hypoiodi'e ion, IO“. 
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Fxamole 2 In a solution of persulfate and iodide how would the rate 
of the reaction be changed b, ^“>0iTb be 

s:rbe„^rr~ £°-.,Jc-di!LJ—- _ 

quarter the initial rate. 

A general reaction with rate-determining equation 
aA + iB + cC —*- products 

(this step requiring the interaction of a molecules of substance A, b of B. 
and c of C) would proceed at the rate 

f <*[Al _ (B]6 [C Y (19-4) 

rate of reaction - j ( -*1*1 11 1 1 

W ™, b e;;.t=‘nt^id for gate, a, «dina„ or low partial P— 

in the discussion of chemical equilibrium. 


19 - 5 . The Dependence of Reaction Rate on Temperature 

I, is everyday ISES £ 

increased temperature T ^ ^ rcaction rate on temperature is 

surprisingly^similar for reactions of most kinds, to ut, ", mo,, rear,,on, 

« approximately doubled jo, every 10 mrreate " ^ 10° factor for 

This is a very useful rule. Urn only- * » M sm;lU as ,. 5 or as 

most reactions is dose to . mo |,. cl ,|es. such as proteins, may have 

large as 4. Reactions of v<y • h (U . n aluralion of ovalbumin 

even larger temperature faclon.. the f a. . (tty-fold 

(the process which occurs on bo.lmg an < W.I 
for a 10° rise. 

ats 

had . . fa „ , * la introduced per 10* rite. 
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Example 3b. The reaction-rate constant for N 2 0 6 decomposition at a 
certain temperature as found by experiment is 0.405 sec"-. What would 

its value be at a temperature 5° higher? 

Answer. The relation between temperature and reaction-rate 

factor is an exponential one: 

Rise Factor 

10 ° 2 

20° 2* = 4 

30° 2 3 = 8 

40° * 2* = 16 

For 5° rise (1/2 X 10°) the factor is 2* = 1.4. Hence the constant 

becomes 1.4 X 0.405 = 0.57 sec” 1 , and the reaction would proceed 
about 40% faster. 


Spontaneous Combustion. Reactions such as the combustion of fuels 
proceed very rapidly when combustion is begun, but fuels may remain 
indefinitely in contact with air without burning. In these cases the rate 
of reaction at room temperature is extremely small. The process of 
lighting a fire consists in increasing the temperature of part of the fuel 
until the reaction proceeds rapidly; the exothermic reaction then lib¬ 
erates enough heat to raise another portion of the fuel to the kindling 
temperature, and in this way the process is continued. 

The oxidation of oil-soaked rags or other combustible material may 
occur rapidly enough at room temperature to produce heat enough to 
increase the temperature somewhat; this accelerates the oxidation, and 
causes further heating, until the mass bursts into flame. This process is 
called spontaneous combustion. 


The Arrhenius Equation: Activation Energy. The rate of a reaction is usually 
not determined completely by the number of molecular collisions in unit time. The 
fact that some reactions ate very fast and other similar ones are very slow shows this, 
for the number of collisions is about the same for the slow reactions as for the fast ones: 
we must conclude that in general only a fraction , sometimes a very smalt fraction, of molecular 
collisions lead to reaction It was suggested by Arrhenius that in order to react, the colliding 
molecules* must hai<e more than the average amount of energy. This extra energy is called the 
activation energy of the reaction. It might be kinetic energy (the colliding molecules strik¬ 
ing one another harder than for an average collision) or internal energy of the molecules. 

For example, the hydrogen molecule and the iodine molecule arc known to have 
van dcr Waals radii of about 1.0 A and 2.1 A, respectively, so that on ordinary collision 
the H and I nuclei approach only to about 3.1 A from one another. But the H I dis¬ 
tance in hydrogen iodide is 1.62 A, and in order for the reaction Hj + U —*- 2HI to 

* Or, in the case of unimolccular decomposition, the decomposing molecule- 
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1 , i,. ,u: € distance This occurs only on collision ot 

occur the nuclei must approach to near y . toward one another. 

an H, molecule and an I, mo.ecu e whlch ^e ^ molecuies. 

In this case the activation energy >s the kinetic energy 
This concept leads to the equation (19-5) 

k — !^c~ e% ^ rT , , 

This expresses the dependence of the 

* ^toducing the experiment, 
values of * for two temperatures. dependence of *' on the lemper- 

The derivation of this equauon .nclud ng a hglu depe ,-«-/«■ b a 

=s--^rS: s x 

molar energy difference. r# . nlral ion factors, determines essentially the num- 

The factor k\ multiplied by the concc* of lhc molecules, etc.) in unit time, 

ber of collisions (with su.table mutual orient _ 0 and 5m allcr values for larger 

and the exponential factor (with value= *?, which , hc molecules have enough 

activation energies) is the fraction < causci rate ,o be increased by a 

energy U> react. The ^ The norma, factor of 2 per 10" rise correspond, 

retain factor per unit temperature „ 

u, about 13,000 cal/mole for the energy of activation. 


19 - 6 . Catalysis 

The study of the factors which affect development ol 

more and more important w manufacturing toluene, used 

chemical industry. A modern method^ ^ ^ purposes, may be 

for making the ^'^‘'^^cthylcyclohcxanc, C|H„, occurs 

quoted as an example. The sum temperature and low pressure 

in large quantities in petrolcu • , (^H*. and hydrogen. The 

this substance should decompose nol bc carried out 

reaction is so slow, however, a dc that a certain mixture of 

commercially until the discovery. enQU h f or t he process to bc put 
oxides increases the rate of re ^ f, he process of accelerating a 

into practice. Many examp , * dy bccn mentioned, and others 

reaction by use of a catalyst) have already 

are mentioned in later cha P ,cr -\ reactio ns by bringing the rcact- 

It is thought that catalysts sp P ^ con f lgu rations favorable to 

^ —- 

process, is made by trying it to see if >t works. 
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19 - 7 . Photochemistry 

Many chemical reactions are caused to proceed by the effect of light; 
examples are the fading of dyes by sunlight, the explosion of a mixture 
of hydrogen and chlorine by light, and the conversion of carbon dioxide 
and water into carbohydrate and oxygen by plants, with chlorophyll as 
catalyst. Such reactions are called photochemical reactions. 

One law of photochemistry (Grotthus, 1818) is that only light which is 
absorbed is pholochemically elective. Hence a colored substance must be 
present in a system which shows photochemical reactivity with visible 
light. In the process of natural photosynthesis this substance is the green 
chlorophyll, and in the hydrogen-chlorine explosion it is chlorine. 

The second law of photochemistry (formulated in 1912 by Emstcin) 
is that one molecule of reacting substance may be activated by the absorption of one 
light quantum. A light quantum is the smallest amount of energy which 
can be removed from a beam of light by any material system (Chap. 8). 
Its magnitude depends on the frequency of the light: it is equal to hv t 
where h is Planck’s constant, with value 6.6238 X 10"* 7 erg sec, and * 
is the frequency of the light, equal to c/X, with c the velocity of light and 
X the wavelength of the light. In some systems, such as material contain¬ 
ing rather stable dyes, many light quanta arc absorbed by the mole¬ 
cules for each molecule decomposed; the fading of the dye by light is a 
slow and inefficient process in these materials. In some simple systems 
the absorption of one quantum of light results in the reaction or de¬ 
composition of one molecule. In other systems a chain of reactions may be 
set off by one light quantum. Examples are the photochemical reaction 
of hydrogen and chlorine or of hydrogen and bromine. A mixture of 
hydrogen and bromine illuminated with blue light produces hydrogen 
bromide, by photochemical reaction. Hydrogen is transparent to all 
visible light; bromine, which owes its red color to its strong absorption 
of blue light and violet light, is the photochemically active constituent 
in the mixture. The absorption of a quantum of blue light by a bromine 
molecule splits the molecule into two bromine atoms: 

Br 2 -f- hv —+* 2Br 

The bromine atoms then react with hydrogen molecules to form hydro¬ 
gen bromide molecules and hydrogen atoms, and the hydrogen atoms 
react with bromine molecules to form hydrogen bromide molecules and 
more bromine atoms: 

Br -f- H 2 —HBr + H 

H + Br 2 - >- HBr + Br 
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These new bromine atoms then react as did those originally Produced 
bv the light, and thus a chain of reactions producing hydrogen brand 

bromine atoms with the wall of the vessel containing the gas 

another atom or molecule in the gas. ... 

HBr + hv —H + Br 

The hydrogen atom then reacts with a second hydrogen bromide mole- 

cule: 

H + HBr —► H, + Br 

molecule or the wall, to form a molecule of bromine. 

The over-all reaction can accordingly be written in the following way: 
2HBr + light quantum —*■ H, + Br, 

mmmm ^ 

hydrogen bromide the quantum yield « * • and biological im . 

transparent to visible light and g • _: n .u c region 

- - —*"• —* 

ales an oxygen molecule into two oxygen atoms. 

O, + hv —*■ 20 

A thermal reaction (a reaction that can take place in die dark, and docs 
not require absorption of a light quantum) then follows. 

0 + 0 , —*■ Ot 
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Accordingly there are produced two molecules of ozone, O,, for each 
light quantum absorbed. In addition, however, the ozone molecules can 
be destroyed by combining with oxygen atoms, or by a photochemical 
reaction. The reaction of combining with oxygen atoms is 


O + O, — 20i 

The reactions of photochemical production of ozone and destruction 
of ozone lead to a photochemical equilibrium, which maintains a small 
concentration of ozone in the oxygen being irradiated. The layer of the 
atmosphere in which the major part of the ozone is present is about 
15 miles above the earth’s surface; it is called the ozone layer. 

The geophysical and biological importance of the ozone layer requite 
from the absorption of light in the near ultraviolet region, from 2,400 A 
to 3,000 A, by the ozone. The photochemical reaction is 

0 3 + hv —*- O + 0 2 

This reaction permits ozone to absorb ultraviolet light so strongly as 
to remove practically all of the ultraviolet light from the sunlight before 
it reaches the earth’s surface. The ultraviolet light which it absorbs 
is photochcmically destructive toward many of the organic molecules 
necessary in life processes, and if the ultraviolet light of sunlight were 
not prevented by the ozone layer from reaching the surface of the earth 
life in its present form could not exist. 

Another interesting photochemical reaction is the darkening of silver 
halide grains in a photographic emulsion. Pure silver halides arc not 
very sensitive; adsorbed material and the gelatin of the emulsion increase 
the sensitivity. After a grain has been in part decomposed by photo¬ 
chemical action, the decomposition can be completed by chemical 
development (Chap. 27). 

Blueprint paper provides another interesting example. This is made 
by treating paper with a solution of potassium ferricyanide and ferric 
citrate. Under the action of light the citrate ion reduces the ferric ion 
to ferrous ion, which combines with ferricyanide to form the insoluble 
blue compound KFeFe(CN)*-H*0 (Prussian blue). The unrcacted sub¬ 
stances are then washed out of the paper with water. 


Exercises 

19 - 1 . If the rate of solution of zinc in hydrochloric acid is proportional to the surface 
area of the zinc, how much more rapidly will a thousand cubes of zinc each 
weighing a milligram dissolve than a single cube weighing one gram? 
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“ sss &^===S3t^-=^=r- 

half the volume with temperature held constant. 

19-3. In an investigation of the second-order gas reaction 

2NOj = 2NO + Oj . r mo 

the pressure changed from .00 to .0. - in .2 P Ure N °= 

How long would it take, later on, to change from 125 to 

, W . Azomethane gas decomposes according to the first-order reaction 

SS: ‘"^r^W^XTourp'rl^e’Lri 

r.:r rs ^ h a d dcco m . 

po*d? (c) using the equation =£, - 0- - P^« *■"*"“* ° f 

methane), calculate * (in see-) a, ^ **£**£££ i^ 

S'J| ^^C'rrX^r^ne to decompose, 
at the same temperature? 

19 5 The reduction of ferric ion by stannous ion in neutral solution was shown by 
T a Noy« .0 be third-order, corresponding to the react,on 

2 Fe*— + Sri*"* - 2Fc** + Sn~~ 

A, certain concentration. * ™ ££, S E 

long would it take to reduce % I doubled? (c) About 

2 * -—- 

raised 30°? 

„r<\ the values 1.00 X 10~' at 287.3* C. and 20.8 X 
Professor R amsperger repo conslan t of the a/omrthane dccomposi- 

10- a. 327.4* C for the ft****™ To* r a.e-co„s,an« factor, (b) Predict a 
Uon. (a) From these data c . c l Ulr |,ow long it would take for 

value for the rate constant.. 20 C -MO* ^ ^ ^ & 

a sample to decompose to the extent 01 /o 

fraction decomposes in one day. 

The half-life period of C, made artificially and used in biological researches, 
is 20 min. How much of a sample rema.ns after 3 hours. 

A sample contains initially -equal —of aX 

S72Z ^pibion)? (b, What is the ratio of 
activities after 6 hours? after 12 hours? 

How long would it take before a mole of radium atom, disintegrate, un.,1 only 
one or two radium atoms arc left? 


19-4. 


19-7. 


19-8. 


19-9. 


19-10. 
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19-11. Calculate the half-life in years of the plutonium isotope of mass number 239, 
Pu** 9 , from the measurement that one microgram (10“« g) of plutonium emits 
140,000 alpha particles per minute. Each plutonium atom emits one alpha 
particle as it decomposes. 

19-12. Automobile tires when stored age through oxidation and other reactions of 
the rubber. By what factor would the safe period of storage be multiplied by 
lowering the temperature of the storage room 10° F? 

19-13. Ozone gas decomposes according to the equation 20a *- 30*. At one temper¬ 

ature, with ozone present at an initial pressure of 1.000 atm, the pressure rose 
to 1.012 atm in one minute. About how long would it take for the pressure to 
change from 1.000 to 1.012 atm at a temperature 15° C higher? 

19-14, If it is necessary to store oil-soaked rags, how should this be done? 

19-15, How does light cause the reaction between hydrogen and chlorine to take place? 
Would ultraviolet light with wavelength 1,000 A, which causes the dissociation 
of hydrogen molecules into hydrogen atoms, initiate the reaction between 
hydrogen and chlorine? 

19-16. What molecular processes can you imagine that would prevent a single quantum 
of light from causing all of the chlorine and all of the hydrogen in a vessel from 
combining? 

19-17. We know that catalysts in the body cause carbohydrates (sugars), such as 
C*H l7 Ofc to react with oxygen to form carbon dioxide and water. In plants, 
due to the presence of chlorophyll, carbon dioxide and water arc converted 
by a photochemical reaction to sugar and oxygen. Are these statements incon¬ 
sistent with the statement that a catalyst can affect only the rate of a reaction 
and not its equilibrium? Why not? 


Chapter 20 


Chemical 

Equilibrium 


20 - 1 . Equilibrium in Homogeneous Systems 

ssssss ®WM 

bU»« <*"» ° f ,hc d " p „ 

bv * ddins " ,tar 

- - "• ~ 

tions 

Cu(HiO)i ++ + 1NH, — C.,(NHj)t f *■ + 4H s O 
an<1 Cu(NII,)/ + + 4HjO — Gu(II-O)," + 4NH, 

11 rn'icmitudc- at equilibrium these rates arc equal. 

- "' isht wri,e ,h< - ,wo 

equations 

forward rate = *i [CuCH.O).^! INH, 1 ‘ 

^ backward rate = A, lCu(NH,).-llH 3 Ol* 
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for the rates of the forward and backward reactions, assuming that each 
of the reactions occurs in one step. At equilibrium these rates arc equal; 
cupric ion is still reacting with ammonia molecules to form the com¬ 
plex, and the complex is still decomposing, but just as much cupnc 
ammonia complex is being decomposed in unit time as is being formed. 
Hence we write 

forward rate = backward rate 
ki [Cu(H 2 0) 4 ~] [NH 3 ] 4 = kt [Cu(NH*) 4 ++ ] [H,0]« 
or 

[Cu(NH,)4++1 [H,Q1« = k± = K (20-1) 

|Cu(H 2 0) 4 ++ ] [NH 3 ] 4 kt 

The quantity A', which is the ratio of the rate constants for the forward 
and backward reactions, is called the equilibrium constant of the re¬ 
action of formation of the cupric ammonia complex. 

We now sec why the reaction does not go to completion. If it were 
to go to completion, cither one or the other of the molecular species 
Cti(H 2 0) 4 ++ and NH 3 would be all used up: its concentration would 
be zero. This would make the concentration-ratio expression become 
infinite, which could be the value of K = k x /k 7 only if k x were infinite 
or k 7 were zero. This is, however, not the case—both reactions take place 
with finite rate. 

We also sec why the concentration of the ammonia complex is in¬ 
creased by adding either cupric ion or ammonia. If either the concentra¬ 
tion [Cud i 2 0) 4 >+ l or [NH*] is increased, the rate of the forward reaction 
increases, becoming greater than that of the backward reaction; hence 
the forward reaction proceeds until the concentration ratio of Equa¬ 
tion 20-1 is again equal to the equilibrium constant K. 

Equilibria of this sort arc very important in chemistry. Many indus¬ 
trial processes have been made practicable by the discovery of a way of 
shifting an equilibrium so as to produce a satisfactory amount of a de¬ 
sired product. In this chapter we discuss quantitatively the principles 
of chemical equilibrium and the methods of shifting the equilibrium of 
a system in one direction or the other. 


20-2. Stable Equilibrium and Metastable Equilibrium 

If a reaction which is possible for a system proceeds extremely slowly 
under the existing conditions, it may be convenient to ignore that reac¬ 
tion in the discussion of chemical equilibrium. For example, a burning 
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jet of hydrogen continues to burn when the jet is introduced into pure 
chlorine: 

H, + Cl, — 2HC1 

Nevertheless, the rate of this reaction at room temperature (and in the 
absence of bright light) is so small that a mixture of hydrogen and chlo¬ 
rine can be kept formany days before a detectable amount of hydrogen 
chloride is formed. A system of this sort is said to be in metastable 
equilibrium. If a catalyst is introduced, accelerating the forward and 

reverse reactions 

H , + Cl, =t=t 2HC1 

the system approaches a state of true equilibrium or stable equilibrium. 

A system may be in metastable equilibrium with respect .0 one reac¬ 
tion and in stable equilibrium with respect to another. For exampie. a 
system initially containing a gaseous mixture of hydrogen, chlor.m . and 
liquid water would very soon closely approach equilibrium with rcspec 
to water vapor and liquid water, through the evaporation of »utcr 
until the partial pressure of water vapor in the gaseous phase became 
essentially 1 equal io the vapor pressure of liquid water a. the tempera¬ 
ture of the system. It would also soon reach equilibrium 
gases hydrogen and chlorine and their solutions in the «at,r. After a 
somewhat longer time the chlorine would reach equilibrium «.lh 
products of hydrolysis: 

Cl, + H,0 =t=* HCIO + H ♦ + CI- 

Thcsc equilibria could be observed and studied even though no reaction 

hydros and chlnHnn: .he 

equilibrium with respect to these reactions, and in metastable equ.lib 
rium with respect to the reaction 

H, + Cl, 2HCI 

An isolated system in equilibrium must be iwlhrrmnl; that is. all parts 

Such a system is said to be in a sUady s,a,e. An example is a gas or solu- 
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tion in a vessel which is kept warm at the top and cold at the bottom. 
It is found by experiment that the concentrations or partial pressures of 
the constituents of the system are not the same at the top as at the 
bottom, when a steady state is reached. 


20-3. The General Equation for the Equilibrium Constant 


For a general reaction 

aA -f- £B + • • • =*=£ dD + + *'' 


we may write the rate expressions 

forward rate = k\ [A] a [B] & 
backward rate = k* [D]'* [E)' 



Hence at equilibrium, when the two rates arc equal, the following equa¬ 
tion holds: 


ID] 11 [ E l* •" _ K (20-3) 

[A )* [B1* • • • 

with K, the equilibrium constant, equal to kjk t . The equation holds 
when the concentrations of the reactants and products are small; devia¬ 
tions are observed at large concentrations. 

It is not necessary to assume that the forward and backward reactions 
occur with such mechanisms as to lead to the above rate expressions. 
Even if the reactions take place in steps, with rates involving powers of 
the reactant concentrations different from the coefficients in the over-all 
stoichiometric equation, the equilibrium expression 20-3 is valid. This 
expression is, in fact , a consequence of the laws of thermodynamics , and its validity 
is not dependent on the reaction-rate arguments which we have presented. 

Equation 20-3 is the equilibrium expression for a homogeneous sys¬ 
tem (a solution or gas) at constant temperature. The value of the equi¬ 
librium constant K depends on the temperature. The way in which it 
changes with changing temperature is discussed later. 

It is customary to write the concentration ratio as in Equation 20-3 
for an equation such as Equation 20-2; namely, the product concentrations 
(to the appropriate powers) are written in the numerator and the reactant concentra¬ 
tions in the denominator. This is a useful convention. 

If the concentration of one substance in a system initially at equilib¬ 
rium is increased, the forward or reverse reaction will take place until 
the concentrations have changed in such a way as to restore the equality 
of the concentration ratio to the equilibrium constant. In particular a 
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reaction can be driven farther toward completion by increasing the con¬ 
centration of one or more of the reactants and driven back by increas.ng 

that of one or more of the products. 

The equilibrium expression 20-3 was discovered by two Norwegian 
chemists, Guldberg and Waage, in 1864. The underlying law is often 
called the law of chemical equilibrium or law of mass action. The argumen s 
used by Guldberg and Waage were similar to those given above. 

The usefulness of the equilibrium expression can be shown by making 
some calculations with its aid. 

Example. Acetic acid, HC.H.O, (the acid in vinegar), is a weak acid, 
only a fraction of its molecules being ionized in aqueous solution The 
concentration of hydrogen ions in a 1 A' solution of acetic acid1 is found 
to be the same as in a 0.0042 N solution of hydrochloric acid. Would the 
solution of acetic acid become more acidic or less acidic if some sodium 

"" wTtt'oJd .« .cidic for following 

Acetic acid ionizes according to the equation 

HCjHjOj q=t H + + CjHgOr 

The equilibrium expression for this equation is 

.. _ IH+1 ICgH.O rl 
A “ IHCjHjO-j 

This expression must have the same value after the sodium acetate 
is added as before. The sodium ions. Na\ from the added sodium 
acetate have no effect. The acetate ions, C„H.OT,however, mcrease 

• I H+1 ICaHaUi ) h 

the value of [CgH.Orl, so <hal the ratio [HCjHgO-] °" 

right side of the equilibrium equation becomes greater than the 
constant A. Hence a reaction must occur, and must continue unt, 
this ratio is reduced to the value A’. This involves decreasing [H ] 
and [C.HA-1, and increasing [HC,H,0,1, which occurs if some 
of the ions combine to form the un-iomzed acid: 

H + -j- C^HjOr —*■ HC,II,o. 

Hence some of the hydrogen ion will l»e used up, and the solution 
will become less acidic. 

This qualitative conclusion can, of course, be reached simply by the 
application of the principle of Lc ChStcher (Chap. 1 r>) to l >e sys 1 ‘" s 
The equilibrium equation, however, permits quantitative calculations 

to be made. 
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20-4. The Equilibrium Constant Expressed 
in Partial Pressures 

Since at constant temperature the concentrations of molecular species 
in a gas are proportional to the partial pressures, the equilibrium expres¬ 
sion for a gaseous reaction may be written as 

PoP'e ''' = K 

P\Pb ■ ' ' 

In general the numerical value of K depends on whether concentrations 
or partial pressures are used, and on the units chosen for measuring 
concentration or pressure. 

Example 1. The equilibrium constant (with partial pressures in atm) 
for the reaction 

H, + I tig) =5=* 2HI 

has the value 808 at room temperature (25° C). To what extent does 
hydrogen iodide decompose at room temperature? 

Solution. We are given that 

£!iiL = 808 

pHtPlt 

On decomposition HI forms equal amounts of H 2 and la; hence 
we may put 

* - p\u = Pu 
Then 


or 



The partial pressure of H* and that of I_» are hence 3.52% that of 
HI. Since two molecules of HI on reaction form only one of H* 
and one of I*, there must have been 7.04% more HI present initially 
than when equilibrium is reached. Hence the extent of decomposi¬ 
tion of the hydrogen iodide is 7.04/107.04 = 0.066, or 6.6%. 

It is of interest that the extent of decomposition in this case is independent 
of the total pressure. This results from the fact that there is no change in 
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the total number of molecules on reaction, and hence the numerator 
and denominator of the equilibrium expression are of the same degree. 
Multiplying all the partial pressures by the same factor docs not change 
the value of the equilibrium expression. On the other hand, in the 
following example it is shown that the amount of decomposition of 
ammonia 

2NH 3 +=* N 2 + 3Hj 

is strongly dependent on the pressure; here four molecules arc formed 

from two. . 

In Example 1 the equilibrium constant has been written for the reac¬ 
tion of formation of HI from the elements. If the decomposition or 
dissociation reaction 

2HI *=* H* + h(g) 

were written, the equilibrium constant would be 

k - Pu'P 1 ' 

A«iiMo<Utioo — .2 

P HI 

and its value would be the reciprocal of that for the formation reaction. 
This equilibrium constant is called the dissociation constant of hydrogen 
iodide into the elements. 

Example 2. At 500° C the equilibrium constant for the formation of 
ammonia by the reaction 

N, + 3H, 2NH 3 

has the value 1.50 X 10"*, expressed in terms of partial pressures in at¬ 
mospheres. What fraction of a stoichiometric mixture of nitrogen and 
hydrogen could be converted to ammonia with the total pressure kept 
at 1 atm? at 500 atm? 

Solution. The equilibrium equation for this reaction is 

= 1.50 x io-* 

pNtP^H, 

The problem states that 

Ph, = 3 Pn, 

because the stoichiometric ratio N, to 3H, is specified for these 
gases. The total pressure is the sum of the partial pressures of the 
three gases: 
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Ps, + pH, + PNH. - Aotol 

Let 


x — Pmu 

Then 


Ps, + pH- - Pm*\ x 

ancl 


Ps, “ 14 “ *) 

P\\, = % (/>toUl — *) 
Therefore 


^ x)1 


1.50 X 10-' 



1.58 X 10- 


.v = 1.26 X 10- X - *)- 


This quadratic equation might be solved directly. It is seen, how¬ 
ever, that when /> loul is small .t is small compared with /w Hence 
as a first approximation we neglect x in comparison with p Xola \ 
in the term on the right where these quantities are subtracted, 
obtaining 


.v 9== 0.00126 X 

For total pressure 1 atm this gives x = p NHl = 0.00126 atm. Re¬ 
membering that two molecules of ammonia are formed from four 
molecules of the reactants, wc see that only 0.25% of the gas mix¬ 
ture is converted into ammonia. 

For /> loUl = 500 atm this approximate method gives * = /» NHj — 
0.00126 X 500- = 315 atm, which is not negligible compared with 
/>, ou , = 500 atm. Direct solution of the quadratic equation gives 
Psh, = 152 atm, which leads to p Sl = 87 atm and />„, = 261 atm. 
From these values it is calculated that at this total pressure 46.6% 
of the original mixture is converted into ammonia. This calculation 
shows why high pressures are used in the manufacture of ammonia 
from the elements (Chap. 18). In practice the reaction is carried 
out at about 500° C and 500 atm. 
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applications to the chemistry o hydrolysis of salts, and 

£ SZZJZZZ - S 


in a system initially at cqui i r,u • , prcssurc toward the original 

in such direction as to decrca* £%£££ to H , until the partial- 

value; that is, hydrogen equilibrium constant, 

pressure quotient again becomes equal to ,h ^ ^ ^ thange in 

If the pressure of the system 6-action is not accompanied by 

the Hi-Ii-H! equilibrium b « the reacuo^ ^ ^ ^ f auscs a 

change in pressure. But <*«« ^ rcc(ion which tends to restore 

shift in the ammonia equ.l.b causcs formal i on of 

«* «m»i iV»»■ion - —*** 

more ammonia. In iMnap ^ as high ^ ,,000 atm arc 

nitrogen by the: ammon P P ^ ^ ma nufacturc of toluene by 

used, in order thatt t 0 yl< h | cy clohexane, on the other hand, the 

»<Si. - ^ v» i - .1* —•»• 


pressure is kept 

C,H„( S ) CjH,(g) + 3H, 


It U interesting 10 note , h a. .hraddim,n of mm.grn^o^he , f 

the equilibrium to shift m such » » (he addi ,ion of extra nitrogen. If. on tht 

volume of the system is kept «*** * „, c othcr gaS es are diluted, the equ.l.b- 

other hand, the pressure u kept consta t. M , ^ V .>fr »I lx CM"!"' perl,at 

rium may shift in the oppose JJJ *,,,,end .»<«*r enumn" „l quaeres. 

oreencrnlrelions./subitem'sout t / (oU , prr5Su .e increases the 

In the above case the add.t.on of ex- a n. rog and lh e effect of ih.s de- 

sr =r.: f ;;= ri d = - - - - - -- -— 

for nitrogen. 


the laws of thermodynamics 
Effect of Catalysts. It is a conseque |W r(JU Mbrium is 

-the impossibility of ^ ^ ^ % increase the rate 
not changed by the addition of J equilibrium state, but it cannot 

at which the system approache nU Under equilibrium condi- 

change the value of the equ. . n h Q f the backward reaction 

lions a catalyst has the same effect on me ra 
as on that of the corresponding forward reaction. 
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It is true that a system which has stood unchanged for a long period 
of time, apparently in equilibrium, may undergo reaction when a small 
amount of a catalyst is added. Thus a mixture of hydrogen and oxygen 
at room temperature remains apparently unchanged for a very long 
period of time; however, if some finely divided platinum (platinum 
black) is placed in the gas, chemical reaction begins and continues until 
very’ little of one of the reacting gases remains. In this case the system 
in absence of the catalyst is not in equilibrium with respect to the reac¬ 
tion 2H 2 4- 0 2 2H 2 0, but only in mctastable equilibrium, the rate 

of formation of water being so small that true equilibrium would not 
be approached in a millennium. Because of the possibility of metastable 
equilibrium it is necessary in practice to apply the following equilibrium 
criterion: A system is considered to have reached equilibrium with respect to a 
certain reaction when the same final state is reached by approach by the reverse 
reaction as by the forward reaction. 

20-5. Equilibrium in Heterogeneous Systems 

For heterogeneous systems, with more than one phase present, the 
equilibrium conditions are closely related to those for homogeneous 
systems. There arc two important principles which apply. 

1. The activity of a substance in a system at equilibrium has the same value 
for each phase of the system of which the substance is a component. For example, 
in the system icc-watcr-water-vapor at 0° C the activity of water is the 
same for all three phases. Activity is usually expressed as partial pressure 
or as concentration; in this case the vapor pressure of ice and the vapor 
pressure of liquid water arc both equal to the partial pressure of water 
vapor in the gas phase. If some ether were also present, forming another 
liquid phase, the amount of water dissolved in the ether would be such 
as to give the same partial pressure of water for the ether-water phase 
as for the other phases. 

2. 1 he activity of a substance present in a system as a pure liquid or crystalline 
phase is constant at constant temperature. In any system in which there is ice, 
for example, at —10° C, the activity of water has the same value, equal 
to the vapor pressure of ice at this temperature. We have already made 
use of this principle in the discussion of freezing-point lowering. 

Since the activity of a pure liquid or crystalline phase is constant at constant 
temperature , the equilibrium constant for a reaction may be written without in¬ 
cluding the substance composing this phase. 

Let us consider, for example, the decomposition of silver oxide: 

2Ag.O(i) ^ 4Ag(j) -f- Q 2 
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We might write as the equilibrium constant 

Po’P'm = Ki 

Since, however, Px , and p. Ktl0 are constants, the simplified equauon 
Po, = K 

mav be written. This states that at equilibrium at constant temperature 
the partial pressure of oxygen produced by partial d«omposmon o 

silver oxide Is constant. A, 400° C, for example, the decomp*con 
stant of AgjO has the value 110 mm. Hence stive oxtde held at thu 
emoerature would decompose so long as the part.al pressure of oxygen 
nT g^ in contact withTe solid were less than 1.0 mm. Since the 
partial pressure of oxygen in air is 160 mm, finely divi der , 400 C 

aturcs above this silver remains unoxtdtzcd in air. 

Water and Dilute Solutions. Since the partial pressure of water in 
dilute aqueous solutions is nearly the same as that lor pure-water. •> 
is hence nearly constant at constant temperature. .1 iuMomar> 
omit the activity of water in the equilibrium express,on lor d.lute aqueous 

SO 'a*VC 17 important reaction is the neutralization reaction 

H 3 O f + OH" 2H-0(/) 

or the ionization reaction of water 

2H,0</) ?± H,0^ + OH 

The equilibrium constant for this is 

IHaQ* 1 IOH-J = Kl 

in which IH-OI represents the activity of water in -he The 

product of A’"i and |W>P may be taken as another ..an,. A 

|H,OM |OH l = K 

The value of A' is 1.0 X moU^ T- 

hydromum ions , HaO , a > r0 * ' „ Q j lhe concentrations <j 

tohi to the following 

iluse two ions equals It) • 1 m 
chapter 
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Solubility Product. An interesting case of equilibrium is that involv¬ 
ing a solid substance and ions in solution. Let us consider, for example, 
lead chloride, PbCl 2 . This salt has solubility 0.99 g per 100 ml or 
0.0356 gfw/l at 20° C. The equilibrium between the solid salt and 
its ions in the solution corresponds to the reaction 

PbCU(r) Pb++ + 2C1" 
and the equilibrium expression is 
[Pb + +] [Cl-] 2 = A' 

This equilibrium constant is called the solubility product of the salt. 
Its value at 20° is 0.0356 X 0.0712 5 = 1.81 X lO" 4 . 

The form of the solubility-product expression is seen to be such as to 
make the solubility of the salt in a solution containing cither chloride 
ion or lead ion much less than that in pure water. This common-ion effect 
is very important in qualitative analysis. A detailed discussion of solu¬ 
bility products and their uses will be given in Chapter 22. 

Hydrates and Ammoniates. Sometimes reference is made to the water 
vapor pressure of a hydrated crystal, such as CuS04*5H 2 0. This is 
hardly correct; actually the crystal CuS0 4 -5H 2 0 exists in stable equi¬ 
librium with water vapor over a wide range of partial pressure at con¬ 
stant temperature; at 50° C, for example, the partial pressure of water 
vapor in equilibrium with the crystal may be anywhere between 
45.4 mm and 87.7 mm. 

Let us consider the loss of water by CuS0 4 -5H 2 0. It is found by 
experiment that on loss of water by this crystal the hydrate CuSC>4-3H 2 0 
is first formed, the reaction being 

CuSOr 5H 2 0 ^ CuSOf 3H 2 0 -f- 2H .O 
The equilibrium expression for this reaction is 

= A' 
or 

/'iu> ” I' 

This constant A has the* value 45.4 mm at 50 n C; at this value of pm ,, 
and only at this value, the two solid hydrates CuS0 4 *5H 2 0 and 
CuS0 4 -3H 2 0 can remain in equilibrium at this temperature. A can 
be called the equilibrium water vapor pressure of the pentahydratc and 
the trihydratc. 

For values of p lw above 45.4 mm at 50° C, CuS0 4 • 3H 2 0 is not stable; 
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it is converted completely into the pentahydrate At = 87 ? mmi a 
liquid phase is formed, the saturated aqueous solution of the ^ItMh s 
value, 87.7 mm, is the partial pressure of water wh.ch corresponds to 

the equilibrium 

CuSO.-xH.O(/) *=* CuSO.-5H.OW + (* - 5)H.O(^) 

At values of p H<0 greater than 87.7 mm CuSO.-5H.O is unstable rcla- 
tive to the solution of the salt. 
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FIG 20-1 FMM pressure of water vapor in equilibrium wtth eopper 
sulfate and Us erystalline hydrates and saturated solutton. 

Two other equilibrium water vapor pressures arc shown by the system 
CuSO.-H.O at 50° C. These are 30.9 mm, for the reactton 

CuSO.- 3H.O(i) CuSO.-H.O(i) + 2H.O(g) 
and 4.5 mm, for the reaction 

CuS0 4 -H a 0(j) *=*= CuS0 4 W + HtO(g) 

The stability regions of the hydrates are hence the following: 

CuSO. 0 to 4.5 mm 

CuSO.-H.O 4.5 to 30.9 

CuSO«-3HjO 30.9 to 45.4 

CuSO. • 5H.O 45.4 to 87.7 

CuSO. • xH.O (/) above 87.7 

These are indicated in Figure 20-1. 
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The curves which represent the boundaries of these stability ranges 
as functions of the temperature may intersect. Thus the curve for 
CuS0 4 • 5H 2 0-CuS0 4 • 3H 2 0 reaches that for CuS0 4 • 5H 2 0-solution at 
95.7° C. Above this temperature the phase CuS0 4 - 5H 2 0 has no region of 
stability, and the phase in equilibrium with the solution is CuS0 4 -3H 2 0. 

Similar regions of stability, bounded by transition pressures of am¬ 
monia, arc shown by crystalline ammoniates, such as CuS0 4 *5NHs, 
CuS0 4 -4NH 3> CuS0 4 : 2NH 3 . The stability relations of a hydrate- 
ammoniate, such as Cu(NH 3 ) 4 S0 4 -H 2 0, are more complex. 

20-6. The Conditions under Which a Reaction 
Proceeds to Completion 

A reaction such as the synthesis of hydrogen iodide 
H 2 + I 2 =f=±= 2HI 

docs not proceed to completion; the relative amounts of the three sub¬ 
stances must correspond to the equilibrium expression, and even under 
the most favorable conditions the conversion to the product is not 
complete. 

Some reactions, in particular heterogeneous reactions, may proceed 
to completion, one of the reacting substances being used up completely. 
An example has just been discussed: one hydrate is completely trans¬ 
formed into another when the partial pressure of water has a suitable 
value. 

The conditions under which a given reaction may proceed to com¬ 
pletion or sufficiently near to completion for the purpose at hand can 
usually be found by considering the equilibrium problem which is 
involved. Some important classes of reactions are discussed in the fol¬ 
lowing paragraphs. 

A condensed-phase reaction may proceed to completion if a gas is 
formed and drawn off. Thus zinc placed in acid reacts to form hydro¬ 
gen; if this is allowed to escape, the reaction will proceed until all of the 
zinc has dissolved or all of the acid has been used. 

Usually a salt and an acid do not react completely. However, a reac¬ 
tion such as 

HjS0 4 + 2NaCl Na*S0 4 + 2HC1 

can be made to go to completion by heating the system and driving off 
hydrogen chloride. Sulfuric acid and phosphoric acid, with high boiling 
points, can be used in this way in making the more volatile acids from 
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their salts. On the other hand, sulfuric acid or phosphoric acid can be 
made from a sulfate or phosphate by heating it w.th the toll less 

solution may proceed to completion if a slightly 
soluble substance or slightly ionized substance is formed. In general 
when solutions of strong electrolytes are mixed no reaction occurs. 1If, 
however the ionic concentrations are such that the solubility product of 
a substance is exceeded, reaction occurs until the iontc 
product equals the solubility product, and if the solub.l ty °f 'hesub 
Lnce is small this will carry the reaction essentially to completion 
Similarly, if a slightly ionized substance (such as water itself) is formed 
“bon will proceed to an approximation to completiond-ermin d 
by the smallness of the degree of ionization of the.subs 
of these effects will be discussed quantitatively in the following chapter 

20-7. The Effect of Change of Temperature on Equilibrtum 

A reaction that evolves heat as the reaction proceeds is called an exo¬ 
thermic reaction, and one that absorbs heat is called an endothermic 

rC From the principle of Le Ch&.elier we can predict that increase in 

temperature will drive a reaction fur Our toward h 

equilibrium constant) if the reaction ,s endothermic and w,II date ,1 (by 

decreasing the equilibrium constant) if the reaction ,s exotherm £ 

This principle is of great practical importance For examp e the 
synthesis of ammonia is exothermic (the heat evoked is 11.0 ktal per 
mole of ammonia formed); hence the yield is made a by k.- 

inc the temperature as low as possible. The commercial proc. ss became 
practicable when catalysts were found that cause the reaction to proceed 
sufficiently rapidly at low temperatures. 

The reaction 

N, + O, 3=t 2NO 

is on the other hand, endothermic (21.6 kcal of hea, is absorbed per 
mole of NO formed); hence in order to fix atmc«pher,c n,,roger, by 
forming nitric oxide a very high temperature is n«*d- Thet temper 
ature used in practice, tha, of an electric arc, is about 2.000 C. 
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20-8. The Phase Rule—a Method of Classifying 
All Systems in Equilibrium 

We have so far discussed a number of examples of systems in equilibrium. 
These examples include, among others, a crystal or a liquid in equilib¬ 
rium with its vapor (Chap. 2), a crystal and its liquid in equilibrium 
with its vapor at its melting point (Chap. 2), a solution in equilibrium 
with the vapor of the solvent and with the frozen solvent (Chap. 16), 



I component; C* I 

I phase; P I 
Temperature and 
pressure independ¬ 
ently \anablc 

V - 2 



P'2 

Temperature or 
pro>urc variable, 
the other fixed 

V'l 



P--3 

Both temperature 
and pressure fixed 

V»0 


11(1. 20-2 .1 simple intern illustrating the phase rule. 

silver oxide and metallic silver in equilibrium with oxygen (this chapter), 
and salt hydrates in equilibrium with water vapor (this chapter). 

These systems appear to be quite different from one another. How¬ 
ever, it was discovered by a great American theoretical physicist, 
Professor J. Willard Gibbs of Yale University (1839-1903), that a 
simple, unifying principle holds for all systems in equilibrium. This 
principle is called the phase rule. 

The phase rule is a relation between the number of independent 
components, the number of phases, and the variance of a system in 
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equilibrium. The independent components (or, briefly, the components) 
of a system are the substances that must be added to realize the system. 
The phases have been defined earlier (Chaps. 1 and 16). Thus a system 
containing ice, water, and water vapor consists of three phases but only 
one component (water-substance), since any two of the phases can be 
formed from the third. The variance of the system is the number of in¬ 
dependent ways in which the system can be varied; these ways may 
include varying the temperature and the pressure, and a so varying 
the composition of any solutions (gaseous, liquid, or crystalline) which 
exist as phases in the system. 

The nature of the phase rule can be induced from some simple exam¬ 
ples. Consider the system represented in Figure 20-2. It is made o 
water-substance (water in its various forms), in a cylinder with movable 
piston (to permit the pressure to be changed), placed in a thermostat 
with changeable temperature. If only one phase is present.bothi the 
pressure and the temperature can be arbitrarily varied over w.de r.mges 
the variance is 2. For example, liquid water can be held at an V 
ature from its freezing point to its boiling pomt under any app -d p es- 
sure. But if two phases are present the pressure is automancally deter- 
mined by the temperature: the variance is reduced to 1. For example 
pure water vapor in equilibrium with water at a given temperature has 
a definite pressure, the vapor pressure of water a. that temperature. And 
if three phases are present in equilibrium, ice, wa,cr_ and wa.ervfxar 
both the temperature and the pressure are exactly fixed. the variance 
is 0. This condition is called the triple pomt of ice, wa,er > and 
vapor. It occurs a. temperature +0.0099° C and pressure 4.58 mm of 

m Wc7cc that for this simple system, with one component, the sum 
of the number of phases and the variance is equal to 3 It " a * d '*° ‘ 
ered by Gibbs that for every system in equilibrium the sum of 
number of phases and the variance is 2 greater than the number of 

components: 

number of phases + variance = number of component. + 2 

or, using the abbreviations P , V % and C. 

P + V = C + 2 

T t, U : h ;o P wTonsid C er its application. We aslt: Is it ever possible for 
four phases to exist together in equilibrium? The answer ' s “ cn ,o b 
that it is, provided that there are at least two components. If there arc 
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only two components the four phases can co-exist only at exactly fixed 
temperature and pressure. For example, we might add copper sulfate 
to the water in our system. The components would then be two in num¬ 
ber (C = 2). When ice, liquid solution, and water vapor were present 
(P = 3), the temperature could still be varied somewhat, by varying 
the concentration of copper sulfate in the liquid solution. The variance 
would then be 1, with three phases. On lowering the temperature there 
would ultimately be formed crystals of copper sulfate pentahydrate, 
OuSOj- 5H 2 0. The system would then be at fixed temperature, fixed 
pressure, and fixed composition of solution (P = 0), as determined by 
the phase rule for C = 2 and P = 4. 

You may find it worth while to consider some other examples of 
systems in equilibrium, in order to sec how the phase rule applies to 
them. The salt hydrates, with water vapor pressures as shown in Fig¬ 
ure 20-1, are interesting; remember that the variance is at least 1, 
because the diagram as drawn corresponds to an arbitrarily chosen 
temperature (50° C). 

Exercises 

20-1. Write equilibrium expressions for the following reactions: 

(a) M O 5=t H* + OH- 

(I,) 200.. 200 4- Oj 

( , , 20 + O.. 3=t 200 

(.1) OH, » 20. 5=^ OO, 4- 2H ; 0(.e) 

(e) 20r.0 4- 2 kH* + OSn 4 * 4Cr*“ 4- 6S n * + ** 4- 14H,0 

(0 41 VS + 70, 2FcsO, 4- 4SO? 

20-2. What is the numerical value of the equilibrium constant for the formation of HI 
(F.xatnple I. this chapter) with partial pressures expressed in mm of Hg? What 
is it in terms of concentrations in moles per liter? 

2b-V f.i) What is the numerical value of the equilibrium constant for the formation 
of NHj (Example 2) with partial pressures expressed in mm of Hg? What is 
it in terms of concentrations in moles per liter? (b) Derive a relation valid at 
any trm|>er.iturc for calculating the equilibrium constant for the ammonia 
equilibrium using concentrations in moles per liter from the equilibrium con¬ 
stant using partial pressures. 

20-4. At »eui|>eratures around 800° C iodine vapor is partially dissociated into atoms. 
If the partial pressure of I- is doubled, by what factor is the partial pressure of I 
ihanged? 

20-S. (Jive in detail the calculation of the fractions of the gas mixture converted into 

ammonia at I atm and 500 atm total pressure from the values of given 

in Example 2. 
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“ sassss 

give the largest yield of ammonia? 

20-7. The vapor pressure of I*) a, 25° C is 0.308 mm. (a) Wha, is «he numencal 
value of the equilibrium constant for the reacuon 

-SS5t=T-5S= 

phere? 

20-8. The equilibrium constant for the reaction 
2BaO(r) + O, = 2BaO,(0 

has the following values, in atm: 


t 

697° C 
737 
794 
835 
853 


K 

0.086 

.186 

.497 

.945 

1.220 


20-9. 


STS been used as a commercial method for obtaining oxygen from air. 
The dissociation pressure of calcium carbonate has the following values: 


1 

P co, 

600° C 

10 mm 

800 

180 

840 

320 

880 

580 

896 

760 

910 

1,000 


20 - 10 . 


ylU i,wv # _ e . 

(a) At what temperature would tT^v^cmctbkMcj'hea^d'in a 

lime-kiln' in'whfch'hot flue gase> <«>,. Ns) from burning coke pass by the 
limestone? 

nrr«tures for calcium chloride at 20 C are 
The equilibrium water vapor pressures 

CCU—CaClj • 2HiO 0 

CaCls 2HsO-CaCl. 4H.O 00326 

CaCl,-4HsQ—CaCls-6H.O 00497 

(a) What fraction of the water «4>r ^r'e^re oTwater « 20° C 
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had been used until its weight had increased by 10%? (c) After what increase 
in weight of the drying agent should a calcium chloride drying tube or desiccator 
be refilled? (d) In an experiment air is drawn through a calcium chloride drying 
tube, over a sample which is giving off water, and through another drying tube. 
How much error is introduced in the determination of the water given off by 
the sample through the failure of the second drying tube to dry the air com¬ 
pletely? 

20-11. Trimethyl aluminum polymerizes in the gas phase according to the equation 
2(CHj)»Al (CH»)«Als 

(Chemists do not yet know the electronic structure of this dimer of trimethyl 
aluminum.) At 100° C and a total pressure of 97.2 mm of Hg the observed 
density of the vapor of trimethyl aluminum is 0.536 g/1. Calculate the equilib¬ 
rium constant for the association of trimethyl aluminum. (A. W. Laubengayer 
and VV. F. Gilliam, J. Am. Chan. Soc. t 63, 477, 1941.) 

20-12. Solid ammonium hydrosulfidc dissociates according to the equation 

NH.HS(r) NH >(g) + H£(f) 

At 25° C the sublimation pressure of solid NH«HS is 501 mm of Hg. What is 
the partial pressure of HjS over solid NH«HS if the partial pressure of NH« is 
adjusted to be 1.000 atm? 

20-13. The fatty acids such as acetic acid dimerize in benzene solution due to the 
formation of two hydrogen bonds: 

✓°- - - H -°\ 

2CH,COOH =♦=*= HjC—C C-CH, 

Nd—H- O'f 

If the freezing-point depression of a solution of 0.1350 g of acetic acid in 100 g 
of benzene, C*H», is 0.0612° C. calculate the equilibrium constant for this 
dimerization, with concentrations expressed in moles per 1,000 g of benzene 
(see Chap. 16). 

20-14. Derive the equilibrium expressions for such equilibria as 

NHiHS(s) NHi(g) + H*S (g) 

PbClj(i) *=£ Pb** + 2CI- 

by considering the rate of evaporation or solution and the rate of condensation 
or precipitation as functions of the surface area of the solid and the concentra¬ 
tions of the various components. 


Chapter 21 


Acids and Bases 


I, is useful to give a further discussion of acids and bases after the-con¬ 
sideration of the basic principles of chemical equilibrium, be.au c 
phenomenon of chemical equilibrium is important in dctcrm.n.ng many 

a hydrogen-containing substance 
J”hn solution in ^ ■ 

b r h w r'1°'^;”“' 

?£t££' "»“ ' h “ •“‘VS 

—^”h,, o, ™ r . «*. 

^meltrb" *l«c. as a 1 ,so,u,ion 

of^iydroch'loric aJd is tha, the 1 F 

great number of und.ssoc’atcd mo cc - f ’ ^ ,. ontinuc 

tively small number of H ' convenience) and 

follow the practice of using the symbol n » ° 

C,H,Or. There exists in a solution of acetic acid a steady state, 

responding to the equation 

HC,H.O, =t=t H* + CjHiOj” 
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In order to understand the properties of acetic acid it is necessary to 
formulate the equilibrium expression for this steady state; by use of 
this equilibrium expression the properties of acetic acid solutions of 

different concentrations can be predicted. .... 

The general principles of chemical equilibrium can be similarly used 
in the discussion of a weak base, such as ammonium hydroxide, and 
also of salts formed by weak acids and weak bases. In addition these 
principles are important in providing an understanding of the behavior 
of indicators , the colored substances that were described in Chapter 5 as 
useful for determining whether a solution is acidic, neutral, or basic. 
These principles are of further importance in permitting a discussion 
of the relation between the concentrations of hydrogen ion and hy¬ 
droxide ion in the same solution. 


21 - 1 . Hydrogen-Ion Concentration 

Pure water has a very small but measurable electric conductivity, which 
is about one ten-millionth that of a 1 S solution of an acid or base. 
This suggests that the ionization of water 

2H,0 ^=±: H a O + + OH- 

gives hydrogen ions (hydronium ions) and hydroxide ions in concen¬ 
tration about 10" 7 .\t. Refined measurements of the electric conductivity 
of water and of dilute solutions of hydrochloric acid, sodium hydroxide, 
and sodium chloride have provided the value 1.00 X 10“' for [H + ] and 
(OH”) in pure water at 25^ C .* 

Instead of saying that the concentration of hydrogen ion in pure water 
is 1 X 10“ 7 , it is customary to say that the pH of pure water is 7. The 

pH is the negative common logarithm of the hydrogen-ion concen¬ 
tration: 

/»H-log [H~| ( 2I '>) 

or 

[II*] = 10"' n = antilog (—p\ l) (21-2) 

Example. What is the pH of a solution with [H*] = 2 X 10 -i ? 

Solution. The log of 2 X 10- is 0.301 - 5 = -4.699. Hence 
the pH of the solution is 4.699. 

• The extent of ionization depends on the temperature; at 0’ the concentrations [H*J 
and [OH J are 0.83 X lO"’, and at 100’ 6.9 X 10~». 
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Second Example. What is the hydrogen-ion concentration of a solu- 

“° n £££!.' ?H*] - entile* 0 - , - Hence .solution . « ” K* 1 *“ 
pH 0. 

With use of the equilibrium expression 

[H+] [OH-1 = JC W = 100 X 10 '" a ‘ 25 ° C f2, * 3) 

discussed in the preceding chapter 

iLTmt-lo-" »” ““e°[OH-l - .Acidic Undone hevc ,H l.» 

SSseSs*=SS=; 

the topic which we discuss next. 


21-2. Indicators 
The cben 8 c in color o„n 

«-rcs^r 

2?” ■rsri s srjssrr £ 

Hln end ,hc bloc 1 .™ b» In-, rcnl.in* 

from the dissociation reaction ^ ^ 


Hln 

red 

Acid lorm 


H f + In¬ 
blue 

Alkaline form 


.n 11c solutions, „ith P?l ver, »* - •*-«£»-- 

- «:^r 22 r»= Hn r 

of (H + ). The equilibrium expression for the r< .»< 
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snap = k u {21 ' 5) 

|HIn] 

in which K u is the equilibrium constant for the indicator. We rewnte 
this as 

[HIn ] = [H^i (21-6) 

This equation stows how the ratio of the two forms of the indicator de¬ 
pends on [H + ]. When the two forms are presentmequalamoun^ 

ratio [HIn]/IIn-l has the value 1, and hence |H ) - A„. ,he indicat0r 





CjUf 


FIG. 21-1 Color changes oj indicators. 

constant A' In is thus the value of the hydrogen-ion concentration at which 
the change in color of the indicator is half completed. The corresponding 
pH value is called the pK of the indicator. 

Now if the pH is decreased by one unit the value of [H ] becomes 
ten times A' ln and the ratio [HIn] [In | then equals 10. Thus at a pH 
value one less than /»/»' of the indicator (its midpoint) the acid form « 
the indicator predominates over the basic form in the ratio 10 : 1; /o 
of the indicator is then in the acid form, and 9% in the basic form. Over 
a range of two /»! I units the indicator changes from 91% acid form to 
91% basic form. For most indicators the color change detectable by the 
eye occurs over a range of about 1.2 to 1.8 units. 

Indicators differ in-their pK values; pure water, with pH 7, is neutral 
to litmus (pK 6.8), acidic to phenolphthalcin (pK 8.8), and alkaline to 
methyl orange (pK 3.7). 
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A chart showing the color changes and effective pH ranges of several 
indicators is given in Figure 21-1- The approx,mate pH of, soUmon 
can be found by finding by test the ind.cator toward which the solution 
shows a neutral reaction. Test paper, made with a mixture 
and showing several color changes, is now available with which‘the pH 
of a solution can be estimated to within about 1 unit over the pH range 

1 'indicating a weak acid or a weak base the ind^tor must^chosen 
with care. The way of choosing the proper indicator is descnbed in the 

f0l ltTs n seen C that n an indicator behaves as a weak organic acid; the equi¬ 
librium expression for an indicator is the same as that for an ordinary 
weak acid, as discussed in the following section. 

An indicator may be a weak base rather than a weak acid: 


InOH 

Alkaline lorm 


:‘ln + + OH 

Acid lorm 


AIUIUK iviiii --*- . . , 

The equilibrium expression for this basic dissociation combined with 
that for the dissociation of water is equivalent to '^ acid equaib 
equation 21-5, which can accordingly be used for all indicators. 

21-3. Weak Acids and Bases 

SflS Photons 

ms arc transferred to — - 

hydronium ions; instead, there is an equilibrium 

HCjHjOj + HjO ^ HiO* + C.H.O,- 
or, ignoring the hydration of the proton, 

HCjHjOj H* + C,H,Or 
The equilibrium expression for this reaction is 

IH-M fCsH,Orl = K 
Ihc,h,o 3 ] 

In general, for an acid HA in equilibrium with ions H* and A , the 
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equilibrium expression is 

IH+] (A~j _ ^ 

[HA] 

The constant /C A , characteristic 


(21-7) 


- f « nrirl 


• t 1 « 


or ionization constant. 

Values of acid constants are 
pH of solutions of the acids, 
chapter. 


found experimentally by measuring the 
A table of values is given later in this 


Example. The pH of a 0.1 A' solution of acetic acid is found by experi¬ 
ment to be 2.874. What is the acid constant? . . 

Solution. To calculate the acid constant we note that the ioniza¬ 
tion of HCjHjOi produces H + and C,H,Or in cqua .^""ocU 
and since the amount of hydrogen ion resulting from the dissocia¬ 
tion of water is negligible compared “ P r “^'’ 

we have [H + ) = [CsHjOr] = anulog (-2.874) - 1.34 X 10 • 
The concentration [HC.HA] is hence 0.100 - 0_001 - 0.099, 
and the acid constant has the value K A = (1-34 X 10 ) /0.099 
1.80 X 10- 5 . 


The hydrogen-ion concentration of a weak acid (containing no other 
electrolytes which react with it or its ions) in 1 N concentration is ap¬ 
proximately equal to the square root of its acid constant, as is seen from 

the following example. 


Example. What is [H+] of a 1 A' solution of HCN, which has 
/• = 4 X 10-“? of a 1 A’ solution of acetic acid? 

Solution. Let x = [H*]. Then we have [CN~] - x and [HCN] = 

1 - and the equilibrium equation is 

=A’ a = 4X 10- |# 

1 — * 

Wc know that x is going to be much smaller than 1, since this 
weak acid is only slightly ionized; hence we replace 1 - * by 1 
(neglecting the small difference between [HCN] and the total 
cyanide concentration), obtaining 

x- = 4 X 10-‘° 
v = 2 X 10" 5 = [H 1 ] 

The neglect of the ionization of water is also seen to be justified, 
sinc e [H+l is 200 times the value for pure water. 
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For acetic acid we obtain similarly the result 
[H + ] = (C.H,Orl = (1.8 X 10—)» = 4.2 X 10- 

Successive Ionizations of a Polyprotic Acid. A polypro.ic acid has 
several acid constants, corresponding to dissoc.at.on of succcss j', c ^ 
drogen ions. For phosphoric acid, H 5 PO.. there are three equilibrium 

expressions: 

HjPO* H + + H,POr 

IH + llH,POr) _ 7 5 x 10-. = Kn.ro. 

K> [H.PO,] 

HjPOr ^=t H + + HPO," 

(H+11HPO.") 

|H.POrl 

HPO« ^=t= H + + PO«— 

[H+HPQr^ l 


K 2 


6.2 X 10— = Kn.ro,- 


K, 


10-* = K» ro. - 


[HPO«—] . .. 

Note »..« these constant. have the di -.nslon « .^ 
The ratio of successive ionization constants for a p y 

usually about lfTS as in this acid^onsiderably 

ssrrsr 2 . ^ ‘ 

weak, and to its third very weak. 

Ionization of a Weak Base. A weak base dissociates in par. to produce 
hydroxfde ions: 

MOH =j=* M + + OH- 

The corresponding equilibrium expression is 

1M+] [OHH = K , (21 ‘ 8) 

[MOH] 

The constant K„ is called the base constant °fthebase^ ^ ^ ^ 

Ammonium hydroxide .s the: on V y co ^ oxidcs of the 

constant has the value 1.81 X 10 at za j 

alkali metals and the alkaline-earth metals are strong bases. 

Example. What is the pH of a 0.1 F solution of ammonium hydroxide > 
Solution. Our fundamental equation is 


[NH,+ ][OH-j 
[NH.OH] 


K B - 1.81 X 10- 


(21-9) 
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Since the ions NH. + and OH" are produced in equal amounts by 
the dissociation of the base and the amount of OH from dissocia- 
lion of water is negligible, wc put 

[NH 4 + ] = [OH"] = x 

The concentration of NH.OH is accordingly 0.1 - *, and we obtain 
the equation 

- . **- = 1.81 X 10 1 
0.1 - -v 

(Here we have made the calculation as though all the undissociated 
solute were NH.OH. Actually there is some dissolved NH, present; 
however, since the equilibrium NH, + H a O = NH.OH is of such 
a nature that the ratio [NH.OH]/[NH,] is constant, we are at 
liberty to write the equilibrium expression for the base as shown 
above [Eq. 21-9], with the symbol [NH.OH] representing the total 
concentration of undissociatcd solute, including the molecular 
species NH, as well as NH.OH.) 

Solving this equation, we obtain the result 

x = [OH - ] = [NH. + ] = 1.34 X 10-* 

The solution is hence only slighdy alkaline—its hydroxide-ion con¬ 
centration is the same as that of a 0.00134 N solution of sodium 
hydroxide. 

This value of [OH"] corresponds to [H + ] = 1.00 X 10" ,4 /1.34 X 
jq -3 = 7.46 X 10 " 12 , as calculated from the water equilibrium 

equation 

[H + ][OH“] = 1.00 X 10"“ 

The corresponding pH is 11.127, which is the answer to the prob- 
lem. 

21 - 4 . The Titration of Weak Acids and Bases; 

the Hydrolysis of Salts 

A solution containing say, 0.2 mole of a strong acid such as hydrochloric 
acid in a liter has [H + ] = 0.2 and pH = 0.7. The addition of a strong 
base, such as 0.2 .V NaOH, causes the hydrogen-ion concentration to 
diminish through neutralization by the added hydroxide ion. When 
990 ml of strong base has been added the excess of acid over base is 
0.2 X 10/1,000 = 0.002 mole, and since the total volume is very close 
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to 2 1 the value of.[H + ] is 0.001, and the/»H is 3. When 999 ml has been 
added, and the neutralization reaction is w.thm 0 . 1 % of completion 
the values are [H + ] = 0.0001 and /<H = 4 . At />H = 5 the reaction is 

within 0.001% of completion and at pH 6 within 0 0001 
pH 7, neutrality, is reached when an amount of strong base has been 
added exactly equivalent to the amount of strong acid present. A ry 
small excess of strong base causes the pH to increase beyond 7. 

We see that to obtain the most accurate results in titrating a strong 
acid and a strong base an indicator with indicator constant about 



K a -I strong acid 


Strong base K B *1 


Strong base Kg - 1 

0,JS 1000 '005 

Ratio of equivalents of b 
acid with a 0 2N base. ether 


FIG. 21-2 Acid-base titration curves. 

could be used with error less than 0.2%. 

In titrating a weak acid (with a strong base) or a weak base (w„hc, strong * 4) 
greater care is needed in the selection o/ an wd.cator. l 't us insider the titra¬ 
tion of 0.2 N acetic acid, a moderately weak acid with /f A = 1.80 X! K, 
with 0.2 N sodium hydroxide. When an amount of the a'kal eqmvalen 
to tha, of the acid has been added the resultant solution is the same as 
would be obtained by dissolving 0.1 mole of the salt NaC,H,Oi ,n a 
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liter of water. The solution of this salt is not neutral, with />H7 how¬ 
ever, but is alkaline. Let us consider what happens when NaC,H,0, is 
dissolved in water. This salt, like most salts, .s completely dissociated 
into ions, Na + and C,H 3 0 5 -. The acetate ion and hydrogen ion are in 
equilibrium with undissociatcd acetic acid, and the reaction 

H + + C-HjOr HC-HjO. 

occurs to some extent. This uses some of the H + , and reduces [H+] below 
10 -7 . To retain the water equilibrium 
[H + ][OH-] = 10" M 
some water dissociates: 

HjO H + + OH- 

This increases the OH" concentration, and the solution becomes basic. 
The effect can be said to be due to the reaction 


C-HjOr + H.O HO2H3O3 + OH 


( 21 - 10 ) 


which is the sum of the two reactions given above. This reaction of an 
anion of a weak acid with water to form the undissociated acid and 
hydroxide ion, which makes a solution of a salt of a strong base and a 
weak acid basic, is called the hydrolysis of the salt. 

A salt of a strong acid and a weak base hydrolyzes analogously to 
give an acidic solution. 

Our problem of selecting a suitable indicator for acetic acid is to be 
solved by calculating the pH of a 0.1 N NaC*H 3 0 2 solution; a suitable 

indicator has pK equal to this pH value. 

To make this calculation we use the two equilibrium expressions 

1 H‘ IIU'HjQ.J = , fl0 x 10 -s _ i; A 

|HC-HjOs| 

and 

|M f ][OH“] = 1.00 X 10-“ = A'w 

Our solution contains Na + , C-HjOr, HC^HaO-, and OH“ in appreciable 
concentrations, and H • in extremely small concentration (less than 10 7 , 
since the solution is basic). We know that |Na+ ) is 0.1. since the solution 
is 0.1 A’ NaCjHjO.. Moreover, the electric neutrality of the solution 
requires that 

[C.HsOr I + (OH"| = 0.1 

(neglecting |! l f l)» an<l die composition of the solution requires that 
[HC:llaO;| + (CtllaOrl = 0.1 
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From the last two equations we obtain 
[HCjHjOjI = [OH-1 
Now let us put 

[HCjHjOjI = [OH~l = * 

and [CjHaOj - ] = 0.1 - [OH-1 - 0.1 - * 

We eliminate [H+l from the equilibrium equations by dividing one by 
the other, obtaining 

i-14 


[HC,H,0,)[0H- 1 _ _ 10° * |( M 

1 [C,HjOi 1 1-80X10 


or 


0.1 - * 


5.56 X 10-° 


which on solution gives 
x = 0.75 X 10-* 

Hence [OH') = 0.75 X 10'* and [H + l = 1.34 * !<£■ 

The pH of the solution of sodium accta ‘ = 0 ' „ u besl indicator 

to Figure 21-1 we sec that phenolphthatem, with p A 

the solution as a 

tially this way. Its course is ^ KM ^ , f 

li^eTe"“.S JS£ indicator*an error of 1% would be made in the 

^ToZate a weak base such as an.mon.un hydroe.de the .ndicator n,ethyl 

hydroxide and ammomum hy, hydroxidc solu tion. the 

pW is 11.1, which is tnat oi . 91 9 ^ Hence by 

strong base will be within 1% of c^aL^ 

»V V7 n tde cafbc round" 11 '* 1 " 1 

orange the concentration of ammonium hydroxide can be found. 
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The Hydrolysis of Salts of Metals Other than the Alkalies and 
Alkaline Earths. The metal hydroxides other than the alkalies and 
alkaline earths are weak bases. Accordingly, metal salts of strong acids, 
such as FeCl 3 , CuS0 4 , KA1(S0 4 ) 2 * 12H 2 0 (alum), etc., hydrolyze to 
produce acid solutions; the sour taste of these salts is characteristic. It is 
interesting that the hydrolysis of a metal salt need not produce the 
hydroxide of the metal, but may produce a soluble complex cation; 
thus the hydrolysis of alum or of aluminum sulfate or nitrate takes place 
primarily according to the following equation: 

A1+++ + H 2 0 +=t A10H++ + H + 

The complex cation AlOH^* is only partially dissociated, and so at 
equilibrium there exist in the solution in appreciable concentrations all 
the ions which take part in this reaction, Al +++ , AlOH 4 ^, and H + . 
The concentration of hydrogen ion produced in this way is such as to 
make a solution of any salt of aluminum and a strong acid acidic. 

A second hydrolysis reaction 

A10H++ + H 2 0 ^=± Al(OH) 2 + -f- H+ 
and a third 

Al(OH) 2 + + H 2 0 Al(OH) 3 + H + 

occur to smaller extents. The complex ions A10H 4 " f and Al(OH) 2 + 
remain in solution, whereas the hydroxide Al(OH) 3 is only very slightly 
soluble and precipitates if more than a very small amount is formed 
(its solubility is about 10“ 8 mole per liter). This final step in the hydroly¬ 
sis of aluminum salts leads to precipitation only if the hydrogen-ion 
concentration of the solution is made small (less than about 10“ 3 ) by 
addition of basic substances. 

It will be recalled from the discussion in Chapter 9 that the aluminum 
ion in aqueous solution is hydrated, having the formula Al(H 2 0)« +4 " f , 
with the six water molecules arranged octahedrally about the aluminum 
ion. The hydrolysis of aluminum salts may be most accurately repre¬ 
sented by the equations 

A1(H 2 0) 6 + ++ AI(H 2 0) 5 0H++ -f H + 

A1(H 2 0) 5 0H-^ ^=±: A1(H 2 0) 4 (0H) 2 + + H + 

A1(H 2 0) 4 (0H) 2 + A1(H 2 0) 3 (0H) 3 + h + ^± 

Al(OH) 3 1 + 3H 2 0 -F H+ 

In the process of hydrolysis the hydrated ions of aluminum lose protons, 
forming successive hydroxide complexes; the final neutral complex then 
loses water to form the insoluble hydroxide Al(OH) 3 . 
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The hydrolysis of ferric salts is so common that the color of feme ion, 
Fe(H 2 0)V+, is usually masked by that of the hydrox.de complexes. 
Ferric ion is nearly colorless; it seems to have a very pale violet color, 
seen in crystals of ferric alum, KFe(SO,) s -12H 5 0, and ferric nitrate, 
Fe(N0 3 ) 3 -9H 2 0, and in ferric solutions strongly acidified with nitric or 

perchloric acid. Solutions of ferric salts ordinarily have 'oH-and 

yellow-to-brown color of the hydroxide complexes Fe:(H.O)»OH and 
Fe(H s O),(OH),\ or even the red-brown color of colloidal particles of 

hydrated ferric hydroxide. 

Polyprotic Acids. The acid constants for successive hydrogens of a 

nolyprotic acid decrease in value, usually by a factor of about 10 , as 

mentioned earlier for phosphoric acid. Sulfuric acid is a strong and with 

respect to the first hydrogen* (*„,so. = 10*) and only moderately strong 
respcci i ? v Sulfurousacid ismodcr- 

Wi V7on*l°K ' eSe :?l* r^)andi,sionisLk(A- HSOl - = > X >0-). 

“tomTheL vtTues we Jan say wha, the acidities of solutions of salts 

as 'hydrolysis is'Toncerned, S sincc°N aOld'and^ HiSO^ are "both «rong;; 
but the ion HSOr is itself a moderately strong acid, and it would 


HSO* 


h 1 + sor 


i&zxi » -»«o, 

322r.rirJiS.-t-~ ki " ! 
2S2K MUMS 

(NH 4 ) 4 S 04 is acidic. 

• This value for K is a rough one. estimated from certain experimental ata or strong 
sulfuric acid. 
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The pH of a solution of an “acid” salt is determined by two effects: 
first, hydrolysis, and second, the dissociation of the hydrogen-containing 
anion to produce hydrogen ion. In the case of NaHS0 3 , discussed above, 
the second effect is the greater, and the solution is acidic. For NaHCO*, 
with AVo, = 4.3 X 10" 7 (weak) and K HCOt - = 4.7 X 10““ (very weak), 
the effect of hydrolysis is the greater, and the solution is basic. 



This conclusion is seen lo be reasonable in the following way. Hy¬ 
drolysis is seen from Figure 21-2 to give pH 10 for a salt of an acid with 
A‘ a = 10“ 7 , neglecting dissociation of HCOj"". On the other hand, 
ionization of a 0.1 N solution of HCO 3 ”, neglecting hydrolysis, would 
give pH 6. The change from neutrality is greater for the first effect than 
the second, and accordingly we expect the solution to be basic. The 
exact value of the pH would be found by solving the equilibrium equa¬ 
tions simultaneously; this gives pH = 8.3. 

The complete pH curve for the titration of phosphoric acid with a 
strong base is given in Figure 21-3. In the midway region of neutraliza¬ 
tion of each hydrogen the pH changes only slowly, whereas in the region 
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|j 27-5] Iiufffin! SnluliiMt 

—r k i r S'S 

pK about 9.5. 

„ . , . • r ,nrral The word 'hydrolysis" is used not only in 

anion hydrolysis and ration hydrolysis . such as 

C,H,Or + H.O =«=*= HCiHiOj + OH" 

A!+++ + H ; 0 =»=* A10H ++ + H* 

In addition, a reaction such as 

PCI, + 4H,0 H 3 PO, + 5HCI 

CaC, + 2H.O 5=fc Ca(OH); + H.C, 


calcium 

carbide 


a< rtylene 


carbide 

CaO + HjO 5=t Ca(OH)i 
is usually called hydration. 


21-5. Buffered Solutions 

= 

isss rsrsiJs-—-— ; - >H 
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of blood changes only slowly from its normal value (about 7.4) on addi¬ 
tion of acid or base. Important among the buffering substances in blood 
are the scrum proteins, which contain basic and acidic groups which 
can combine with the added acid or base. 

A drop of concentrated acid, which when added to a liter of pure 
water increases [H + ] 5,000-fold (from 10 ~ 7 to 5 X 10“ 4 ),. produces an 
increase in [H + ] of less than 1% (from 1.00 X 10 7 to 1.01 X 10 7 , 
for example) when added to a liter of a buffered solution such as the 
phosphate buffer made by dissolving 0.2 gfw of phosphoric acid in a 
liter of water and adding 0.3 gfw of sodium hydroxide. 

This is a half-neutralized phosphoric acid solution; its principal ionic 
constituents and their concentrations are Na + , 0.3 M\ HP0 4 , 0.1 M; 
H 2 P0 4 ”, 0.1 A/; H + , about 10 “ 7 M. From the titration curve of Fig¬ 
ure 21-3 we sec that this solution is a good buffer; to change its/>H from 
7 to 6.5 (tripling the hydrogen-ion or hydroxide-ion concentration) 
about one-twentieth of an equivalent of strong acid or base is needed 
per liter, whereas this amount of acid or base in water would cause a 
change of 5.7 pH units (an increase or decrease of [H + ] by the factor 
500,000). Such a solution, usually made by dissolving the two well- 
crystallized salts KH 2 P0 4 and Na 2 HP0 4 -2H 2 0 in water, is widely used 
for buffering in the neutral region (/>H 5.3-8.0).* Other useful buffers 
arc made with sodium citrate and hydrochloric acid (/>H 1-3.5), acetic 
acid and sodium acetate (/>H 3.6-5. 6 ), boric acid and sodium hydroxide 
(/>H 7.8-10.0), and glycine and sodium hydroxide (/>H 8.5-13). 

The behavior of a buffer can be understood from the equilibrium 
equation for the acid dissociation. Let us consider the case of acetic 
acid and sodium acetate. The solution contains HC 2 H 3 0 2 and C 2 FLO 2 ” 
in equal or comparable concentrations. The equilibrium expression 

[H-MICsHiOr) = K 

[HCjHjOjI a 


may be rewritten as 


IH + ] = 


[hqh 3 o 2 ] 
[c 2 h 3 o 2 -| Aa 


T his shows that when |C^H 3 0 2 “] and IHC>H 3 0 2 ) arc equal, as in an 
equimolar mixed solution of HC 2 H 3 0 2 and NaC»H 3 0 2 , the value of [H + ] 
is just that of A' a , 1.80 X 10 _s , and hence the pH is 4.74. A 1 : 5 mixture 
of HC^HsO* and NaC 2 H 3 Q 2 has [H f ] = IA' a and pH 5.44, and a 5 : 1 


* A concentrated neutral buffer solution containing one half gfw of each salt per liter 
may be kept in the laboratory to neutralize cither acid or base spilled on the body. 
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mixture has [H+] = 5 K k and pH 4.04. By choosing a suitable ratio of 
HC,H 3 0 2 to NaCjHjOi any desired hydrogen-,on concentration m th,s 
neighborhood can be obtained. 

It is seen from the equilibrium expressions that the °{ 

buffer depends on the concentrations of the buffer,ng substances ; a tenfold dilution 
of the buffer decreases by the factor 10 the amount of acid or base per 
liter which can be added without causing the /-H to change more than 

the desired amount. . _ 

For the phosphate buffer in the pH-7 region the equilibrium constant 

of interest is that for the reaction 

H,POr hpo«— + H + 

The value of K w0 .- is 6.2 X 10"*; this is accordingly the value of [H+] 

expected for a solution with [HjPO« ] - IHPO4 J- 

If the buffered solution is dilute, this is its hydrogen-ion concentration 
Because the activities of ions are affected by other ions, however, there 
is appreciable deviation from the calculated values in salt solution' “ 
concentrated as 0.1 M. This fact accounts for the discrepances between 
the pH values calculated from equilibrium constants and those given 

in the buffer tables. 


21 - 6 . The Strengths of the Oxygen Acids 


The oxygen acids, which consist of oxygen atoms O and hydroxyl 

groups OH attached to a central atom [HCIO. - CIO, OH) *‘ . 

! 0 i(0H)i, etc.), vary widely in strength, from very strong aetds such 

as perchloric acid, HCIO., to very weak ones such as a * 
It is often useful to know the approximate strengths of these: acids. 
Fortunately there have been formulated some simple and easily remem¬ 
bered rules regarding these acid strengths. ™- nP | a ,„re of the 

Before discussing these rules, let us review the nomenclature of 
oxygen acids. 

cep,ions. The oxygen acid of septivalen, chlorine, HCIO., is called 
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HtCOs 

Carbonic acid 

H 4 Si0 4 
Silicic acid 

H 4 Gc0 4 
Germanic acid 

HjSn(OH)e 
Stannic acid 


HNO* 

Nitric acid 

h,po 4 

Phosphoric acid 

H*As0 4 
Arsenic add 

HSb(OH). 

Antimonic acid 


hcio 4 

H,S0 4 Perchloric acid 

Sulfuric acid HCIO* 

Chloric acid 


HtSeO. 

Selenic add HBrO* 

Bromic acid 

H.TeO. H|IO* 

Telluric acid Periodic acid 

(Paraperiodic acid) 
HIO» 

Iodic acid 


perchloric acid, and that of septivalent iodine, HJO., is called periodic 
acid (or sometimes paraperiodic acid); perbromic acid does not ex.sr 
The number of oxygen atoms surrounding the central atom is called 
its coordination number. We see that these atoms have, for their maxi¬ 
mum valence, the coordination numbers shown in Table 21-1. An ion 


TABLE 21-1 


PERIOD 

CN 

CONFIGURATION 


3 

Plonor trIonQl# 


4 

Tetrohedron 


4 

Tetrohedron 


6 

Octahedron 





such as BOs-, the borate ion, has a planar triangular structure, 


; an ion such as P0 4 ~" or As0 4 is tetra¬ 


hedral, with the four oxygen atoms arranged at the corners of a regular 
tetrahedron about the central atom; Sb(OH)e“ and IO« 5 “ have a regular 
octahedral configuration. 

The reason for the change in coordination number is that the first-row 
atoms arc so small that only three oxygen atoms can be fitted around 
them. The second-row and third-row atoms arc larger, and can accom- 


O' O. 

• \/ • 

B 

II 

O 
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.nodate four oxygen atoms, and the still larger fourth-row atoms can 

in which the suffix “ic” is retained: 

4 H 3 BO 3 - 5HjO — HjB 4 Oj, tetraboric acid 
nHjBOj - nHjO -*• (HBOi)., metabor.c ac.d (n S 3) 

2H,SiO. - H,0 — H«Si»0 7 , disilic.c ac.d 

nH.SiO, - nHjO — (H,SiO,)„ metas.licic ac.d (n S 3) 

2H.PO. - HjO —- H.PjOj, pyrophosphor.c ac.d 
nH,PO. - nHiO (HPOi)», metaphosphor.c ac.d (n = 3) 
2H 3 SO. - HjO -+■ H 1 S 1 O,, pyrosulfuric ac.d 

Acids in which the central atom has oxidation number 2 less than for 
the “ic” acids are the “ous” acids: examples are 

HNO 2 , nitrous acid 
HjPOs, phosphorous acid 
H 2 SOa, sulfurous acid S+ XH 

HClOj, chlorous acid Cl 

The ending “ous” is retained wher..he central atom has still lower 
valence, and the prefix “hypo” is added. 

HjNjOi, hyponitrous acid N* 

HjPOs, hypophosphorous acid 
HCIO, hypochlorous acid u 

8*. of *o “lo" »cW. .ro glvoo *. - *“ °' 

the “ous” acids the ending “ite* : 

Na»P0 4> sodium phosphate 

NaePeOia, sodium hexametaphosphate 

Na a SOi, sodium sulfite 

“Eft n — «« —< *.• * - " " * 

‘ Wehavealready noted .ho ox^plo, of pho.phorlo .old 

7C„j>o, = 7.5 X 10-' ^hj-o.- = 6 2 X 10_ * 

ifHPO.- = 10 " 1 ’ 
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*H*o, = 1.2 X 10-2 Kns0t _ = 1X10^ 

The rule holds well for all the acids of the class under consideration. 

Rule 2 The value of the first ionization constant is determined by the value 
of m in the formula XOJOH).: if m is zero [no excess of oxygen atoms over 
hydrogen atoms, as in B(OH),] the acid is very weak, with K, g 10 ; for 

m = 1 the acid is weak, with K, S6 10~*J for m = 2 {K x = 10>) or m = 3 
(K x = 10 8 ) the acid is strong. 

Note the occurrence here of the factor 10 s . The applicability of this rule 
is shown by the tables on the following pages. 

The second rule can be understood in the following way. The force 
attracting H + to C10“ to form ClOH (hypochlorous acid) is that of an 
O—H valence bond. But the force between H + and either one of the 
two oxygen atoms of the ion CIO," to form CIOOH (chlorous acid) 
may be smaller than that for an O—H valence bond because the total 
attraction for the proton is divided between the two oxygen atoms, and 
hence this acid (of the second class) may well be expected to be more 
highly dissociated than hypochlorous acid. An acid of the third class 
would be still more highly dissociated, since the total attraction for the 
proton would be divided among three oxygen atoms. 

With use of these rules we can answer questions as to the hydrolysis 
of salts or the choice of indicators for titration without referring to 
tables of acid constants. 

Example. What reaction of litmus would be expected to solutions of 
the following salts: NaCIO, NaCIO*, NaCIO#, NaCIO*? 

Solution. The corresponding acids are shown by the rule to be 
very weak, weak, strong, and very strong, respectively. Hence 
NaCIO and NaCIO* would through hydrolysis give basic solutions, 
and the other two salts would give neutral solutions. 

Second Example. . What indicator could be used for titrating periodic 
acid, HJOs? 

Solution. This acid has one extra oxygen atom, and is hence of 
the second class, as is phosphoric acid. We accordingly refer to 
Figures 21-3 and 21-1, and see that methyl orange should be satis¬ 
factory for titrating the first hydrogen or phenolphthalein for titrat¬ 
ing the first two hydrogens. 
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First class: Very weak acid. X(OH). or H„XO. (first acid constant a»>out 10’- or less) 

K\ 


Hypochlorous acid, HCIO 
Hypobromous acid, HBrO 
Hypoiodous acid. HIO 
Silicic acid, H«SiO« 
Germanic acid, H«GcO* 
Boric acid, H*BOj 
Arsenious acid, H»AsO» 
Antimonous acid, HjSbOj 
Telluric acid, H*TeO* 


3.2 X 10"* 
2 X 10-* 

1 X 10"“ 

1 X io-»« 

2.6 X 10“* 
5.8 X 10-'° 
6 X 10 _, ° 
10-“ 

1.6 X 10-* 


Second class: Weak acid. XO(OH). or H.XO.., (firsl acid cons.anl about 10-) 


Chlorous acid, HClOj 
Sulfurous acid, HjSOi 
Phosphoric acid, HjPO* 
Phosphorous acid,* HjHPOi 
Hypophosphorous acid,* HH?PO : 
Arsenic acid, H*AsO« 

Periodic acid, H JO* 

Nitrous acid, HNO* 

Acetic acid, CH»COOH 
Carbonic acid.t HjCOj 


K, 

10 -* 

1.2 X 10-* 
0.75 X 10 5 
1.6 X 10 1 

l X io-» 

0.5 X 10-’ 

2.3 X 10-* 
0.45 X 10-’ 
1.8 X 10-* 
0.45 X 10-* 


Third class: Strong acid, XO,(OH). or H.XO.., (firs, acid constant about 10', second 
acid constant about 10“’) ^ ^ 

Chloric acid, HClOa |' arRr , 0 _, 

Sulfuric acid, HjSO* barge - 

Selenic acid, H,ScO* Ur « c * * 

. . H XO .1 (first a« id constant about 10') 

Fourth claw: Very strong acid. XOa(OH). or H 

Perchloric acid, HCIO* Vcr V $lronR 

Permanganic acid, HMnO. Ver>- strong 

O 

• I, U known tha, phosphorous acid has the Mr, .cue .1 I* -OH and hypophosphorous 
? OH 

acid the structure H—P — OH; the hydrogen atoms which arc bonded to the phosphorus 

I 

H 

r siitfias - r ~ - "s," ~ r. 

ionized acid in the form of drived ” al>oul 2 X H> ‘ (see. for example. 

AJR. OUo^nTp. V. YoulTj- dmrr. Chrm. Soe.. 62. 1027, 1940). 
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Other Acids. There is no simple way of remembering the strengths 
of acids other than those discussed above. HC1, HBr, and HI are strong, 
but HF is weak, with K A = 6.7 X 10 -4 . The homologs of water are 
weak acids, with the following reported acid constants: 

Ki K 2 

Hydrosulfuric acid, H*S 1.1 X 10“* 1.0 X 10“ 14 

Hydroselenic acid, H 2 Se 1.7 X 10 -4 1 X 10” 11 

Hydrotelluric acid, H 2 Te 2.3 X 10”* 1 X 10 _u 

The hydrides NH 3 , PH 3 , etc., function as bases by adding protons 
rather than as acids by losing them. 

Oxygen acids which do not contain a single central atom have 
strengths corresponding to reasonable extensions of our rules, as shown 
by the following examples: 

Very weak acids (/C t ■» 10 -7 or less) 

Hydrogen peroxide. HO—OH 2.4 X 10“» 

Hyponitrousacid, HON—NOH 9 X 10“* 

Weak acids (tf, = 10^) 

Kx 

Oxalic acid. HOOC—COOH 5.9 X 10“* 

The following acids arc not easily classified: 

Kx 

Hydrocyanic acid, HCN 4 X H>- |# 

Cyanic acid, HOCN Strong 

Thiocyanic acid, HSCN Strong 

Hydrazoic acid, HNj 1.8 X 10“* 

21 — 7 . More General Concepts of Acids and Bases 

In recent years several more general concepts of acids and bases have 
been introduced. They arc useful for some purposes, such as the dis¬ 
cussion of non-aqueous solutions. One of these concepts, due to Bronsted, 
is that an acid is any molecular or ionic species which can give up a 
proton (which is a proton donor), and a base is any one which can take 
up a proton (which is a proton acceptor). Thus NH* + is called an acid, 
since it can give up a proton: 

NH<+ NH 3 + H + 

and NH 3 is called a base, since this reaction can be reversed. Any acid 


K t 

1 X io-» 

Kt 

6.4 X 10-* 
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anion, such as the achate ion, could be called a base from .his point of 

VI< The Bronsted concept provides a simple way of discussing hydrolysis 
as is illustrated by the following example. The acetate ton is a base o 
significant strength, since the equilibrium 

C,H,O a - + H + HCjHjOj 

favors the product HC,H s O,. Hence a solution of sodium acetate is 
expected to be basic in reaction. This explanation of hydrolysis is an 
interesting alternative to that given in an ear'icr secdon of tlns^chapter. 

Another, still more general concept was introduced by G. N. Lewis. 
He called a base anything which has available an unshared pair of elcc- 
trons (such as NH,) and an acid anything which could attach itself 
to such a pair of electrons (such as H*. to form NH/, or BF„ to form 
F H 


F—B 


_N_H). This concept explains many phenomena, such as the 


effect of^certain substances other than hydrogen ion in changing the 
color of indicators. Another interesting application of the.concept .i s 
explanation of sal. formation by reaction of acidic oxide and bas e 
oxides, as in the formation of calcium silicate by fusion of calcium ox.d. 

and silica: 

2CaO + SiOa —CaiSi0 4 

Acid Strength and Condensation. It is observed that the tendency 

vS X d ong C acid:: a s n uch Th^ ton 

• 1 1 'tL ' wr ik oxvKcn acids, including silicic acid (Chap. M) 

readily, and their condensation products 

^^cor^ati^isTe^nable. The un-ioni/.ed acids con.ain oxygen 
atoms bonded to hydrogen atoms, and the condensed acids contain 
oxygen atoms bonded to two central atoms. 
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H—*0 ## ’*0 % —H 

\ / 

Si 

/ \ 



/ \ / \ 

H -,0, 


It is hcncc not surprising that stability of the un-ionized acid (corre¬ 
sponding to small acid strength) should be correlated with stability of 
the condensed molecules. 


Exercises 

21-1 - Which of these oxides arc acid anhydrides and which basic anhydrides? Write 
an equation for each representing its reaction with water. 

PaO, FcaOa NajO Mn,0: RaO 

ClaO BaO, AlaOa MnO SO, 

ClaO; CO, 1,0* TcO, SO, 

NaOs Cu,0 MgO SiO, As,O a 

21-2. How many grams of each of the following substances would be needed to make 
up 1 1 of 0.1 W acid or base? 

NaOH CaO NaHCjO«-HaO H,S0 4 KHS0 4 I,Oj 

21-3. What is the normality of a solution of a strong acid 25.00 ml of which is rendered 
neutral by 28.35 ml of 0.1013 A r NaOH solution? 

21-4. The poisonous botu/inus organism docs not grow in canned vegetables if the 
/'H >s less than 4.5. Some investigators (.Journal of Chemical Education, 22, 409, 
1945) have recommended that in home canning of non-acid foods, such as 
beans, without a pressure canncr a quantity of hydrochloric acid be added. 
The amount of hydrochloric acid recommended is 25 ml of 0.5 ;Y hydrochloric 
acid per pint jar. 

Calculate the /»! I that this solution would have, assuming it originally to be 
neutral, and neglecting the buffering action of the organic material. Also calcu¬ 
late the amount of baking soda (NaHCOj), measured in teaspoonfuls, that 
would be required to neutralize the acid after the jar is open. One teaspoon 
equals 4 grams of baking soda. 

21-5. What is the pH of 1 N HCI? of 0.1 N HC1? of 10 N HC1? of 0.1 N NaOH? 
of 10 A* NaOH? 
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21-7. 

21 - 8 . 

21-9. 

21 - 10 . 


21 - 11 . 


Exercises 

2,-6. Calculate the hydrogen-ion concentration in the following -'-ions: 

(a) 1 F HCjHjOj, X - 1.8 X 10"* 

(b) 0.06 F HNOj, A = 0.45 X 10"* 

(c) 0.004 F NH«OH, A'b = 18 X 10“- 

(d) 0.1 F HF, A' = 6.7 X 10 * 

What arc the />H values of the solutions of Exercise 21-6? 

Calculate the ,H of a ..lotion Uta, b 0.1 F in HNO, and 0.1 F in HCI. 
Calculate the concentrations of the various ionic and molecular specie, m the 
following solutions: 

a xKS&r -«xW - 2 xW. - ■ >< 

(e) IFH.SO.dt.- 1.20X10-) 

(f) 0.01 F HfSO« 

Calculate the pH of a solution that is 

(a) 0.1 F in NH«CI, 0.1 F in*NH 4 OH 

(b) 0.05 F in NH.C1, 0.15 F in NH.OH 

S - 00 ml 0.05 , N.OH 

Calculate the pH of a solution that is prepared from 

(a) 10 ml 1 F HCN, 10 ml 1 F NaOH 

(b) 10 ml 1 F NH.OH, 10 ml 1 /•HU 

(c) 10 ml 1 F NH.OH. 10 ml 1 F NH.CI 

Calculate the concentration of the various ionic and molecular spoor, m 

(a) 0.4 F NH«C1 

(b) 0.1 F NH«CjH»Oa 

(c) 0.1 F NaHCOa 

(d) 0.1 F NajCOj 

calculate ,he concentration of the various ionic and molecular spece, m a 
solution that is 

(a) 0.3 Fin HCI. and 0.1 Fin H,S 

(b) buffered to a pH of 4, and 0.1 Am t- 

(c) 0 2 F in KHS 

(d) 0.2 F in K*S 

21-15. Calculate the equilibrium constant f..r the rra« <>«>» 


21 - 12 . 


21-13. 


21-14. 


Cu 4 + Fc 444 Cu 44 + * « 




from the equilibrium constants given below for the two reactions 

Fc ~ + Co-^ Fc 444 + Co 44 A = 1.1 X 10- 
Cu 4 + Co 444 Cu 


+ Co~ A' = 16 X 10* 
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21-16. Calculate the equilibrium constant for the reaction 

NH* + C-HaOr + H;0 NH 4 OH + HC-H,Oj 

from the known equilibrium constants for the reactions 

NH .OH q=±: NH/ + OH' 

HC?HjO; *=*= H + + CrHaOr 

H-O H* -f OH- 

21-17. Boric arid loses only one hydrogen ion. In 0.1 \f HjBOj, [H 4 ] = 1.05 X 10 s . 
Calculate the ionization constant for boric acid. 

21-18. A patent medicine for stomach ulcers contains 2.1 g of Al(OH)j per 100 ml. 

How far wrong is the statement on the label that the preparation is “capable 
of combining with 16 times its volume of .V, 10 HC1”? 

21-19. Which of these substances form acidic solutions, which neutral, and which 
basic? Write equations for the reactions which give excess H* or OH - . 


NaCl 

(NH^SOi 

CuSO.SHiO 

NaCN 

NaHSO* 

FeClj 

NajPO 1 

NaH;PO. 

KAISO,12H ; 0 

NH.CI 

Na ; HPO, 

Zn(CI04) 2 

NH.CN 

KCIO, 

BaO 


21-20. Approximately how much acetic acid 3nust be added to a 0.1 .V solution of 
sodium acetate to make the solution neutral? 

21-21. What indicators should bo used in titrating the following acids? 

UNO; 4.5 X 10 • 

HjS (first hydrogen) 1.1 X 10 * 

HCK 4 X 10” 

21-22. With what indicators could you titrate separately for HCI and HC.HjO- in a 
solution containing lx>th acids? 

21-23. What relative weights of KH?PO« and Na;HP0»*2H : 0 should be taken to 
make a buttered solution with />H 6.0? 

21-24. Carbon dioxide, prcxluccd by oxidation of substances in the tissues, is carried 
by the blood to the lungs. Part of it is in solution as carbonic acid, and part as 
hydrogen carbonate ion, HCOj“. If the />H of the blood is 7.4, what fraction 
is carried as the ion? 

21-25. The value of K. for H ; S is 1.1 X 10“\ What is the ratio [H-S]/[HS-] at pH 8? 

If hydrogen sulfide at 1 atm pressure is 0.1 F soluble in acid solution, what 
would be its solubility at /*H 8? 

21-26. Estimate the acid constants of H r SeO,. HjAsO*. H IO«, HOC1. and HjAsOj, 
without reference to the text. 

21-27. What chemical reactions lake place when water is added to pyrosulfuric acid 
and to pvrophosphoric acid? Which of these reactions takes place the more 
readily? 



Chapter 22 


Solubility Product 
and Precipitation 


22-1 • The Effect of Other Solutes on the Solubility 
. of a Substance 

u »»y — - 

by the addition of ot «^ # non . c i cc trolytic (non-ionizing) sol- 
solution. For example, o V effcct on , hc so i u bility of a salt 

ute, such as sugar or lodin , ^ sod ; um nitrate has little cfTect on 

in water, and eonvewd ly a thc prcs cncc of a salt which has 

the solubility of iodine in . solubility is under eonsidcra- 

SucTntScdorofthX: in the solution, which decreases their activity 

somewhat, as discussed in Section ^6- ^ is grcatly changed 

Sometimes, however, thc Y iodine is very much more 

by prwence of otor t 'S"'n pu^ wo,or. ,nd 

soluble in a solution cental *^ ublc in a solution containing either 
potassium perchiorateis than in pure water, 

another potassium salt o P , hc j ormn tmn of a complex, the 

"\".'"of”^.o in .j —, — - 

this chapter. 
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22-2. The Solubility-Product Principle 

In discussing chemical equilibrium in Chapter 20 we learned that in a 
saturated solution of potassium perchlorate the ion-concentration prod¬ 
uct is constant (at a given temperature) : 

[K + ][C10 4 ~] = K s P at saturation 

The constant K SP is called the solubility-product constant of the salt, or 
simply its solubility product. 

The constancy of this product follows from the equilibrium expression 

[K+HCior) _ K 
[kcio 4 ] 

for the ionization reaction 

KCIO4 = K + + ClOr 

Wc replace [KCIO 4 ] by a constant, which is justified whenever the 
solution is in equilibrium with pure crystalline KCIO 4 , and only then. 
The solubility-product principle applies only to saturated solutions 
of the salt. The product [K + ](C 104 “] can, of course, have any value 
less than K SP for an unsaturated solution. 

Potassium perchlorate has at 0° the solubility 7.5 g/1 in water. 
The ion concentrations (K + ) and [CIO 4 ”] are hence both equal to 
7.5/138.56 * 0.054 A/, and K SP is equal to 0.054 2 = 29.0 X 10 " 4 
mole 2 /! 2 - This value can now be used to calculate the solubility of 
potassium perchlorate in a solution of another potassium salt or another 
perchlorate. Its solubility in such a solution is less than in pure water, 
because of the action of the ion (K + or CIO 4 ") already present in the 
solution. This decrease in solubility is said to result from the common- 
ion effect. 

Let us consider, for example, a solution initially 0.2 F in KC1. The 
initial ion concentrations are 

[K + ) = [CI-] = 0.200 

Now let this solution be saturated with KCIO 4 . If x moles of KCIO 4 
dissolve per liter, the final ion concentrations are 

[K + ] = 0.200 + .v 
[Cl - ] = 0.200 
[ClOr] = * 

The solubility-product principle is then expressed by the equation 
IK + )[C1C>4-] = (0.200 + .v)* = A' S p = 29.0 X 10‘ 4 
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II 22-3] ***<~*»C ***- (KM=o 2i4 ^ 

On solution for x this g 1 ''** potass i u m perchlorate in 0.2 F KC1 

sss k -* 

about one-fourth of its solubility in grcal for rathcr insoluble 

The common-ion effect ™ay . Kt" 10 . and correspondingly 

salts. Thus /Csr for silver chloride., .7X JO, ^ of (hjs numbPr; 

the solubility of AgC PU, | 0 /.-Nad it is only 1.7 X 10- A/, which is 
that is, 1.3 X 10 A . n lhal ,hc common-ion cITect can 

of siKcr ion from a so,u(ion - by incrcas ' 
ing the chloride-ion concentration. for many salts in lh e table 

s - - io >re iiiu, " a “ d in ,h ' fo " ow, " ? 

“Thf"ii.bilU, or calculations mode wi.h « - *1^ 

~" 0 d mainly by .ho ..d.' arc reliable .. wl.hin about 

dilute solutions (0.001 / ) = n w hich the activity coefficients 

4%. In more concentrated solu • thc act ual solubilities of salts 

of the ions arc considcrab y css t a , ’ d This increased solubility 

arc usually somewhat larger ions ( su ch as K*. Cl") 

SSS !o% for SSTf solutions and about 20% for 0.1 F solutions. 


22 - 3 . Examples of Solubility Calculations 


2z—3. example* y ^ -- 

Kor .o m o systems .he ^ 

with other equilibrium exp • somc COIT , p |<. x systems are discussed, 
lowing examples some sjm.| ■ in which complex ions are 

(Additional examples, dealing w «h y } 

formed, arc treated in the following chapter., 

r rhloridc (calomel), Hg.-C.l 2 , 

Example 1. The solubility of mer product? What volume 

is 3.0 X 10- 6 per 100 ml. What « ,o dissolve the amount of 

of 0.01 F NaCl solution would be , , of pure water? 

mercurous chloride which would be d.s ^ J() x 10 - V 472.1 = 

Solution. The solu >i i > > s (472.1 is the formula weight 

0.64 X 10- formula -c.ght pe r , ^r. l + 27)> and lhc mole- 

of HgiCli.) The mercurous >on is Hg ;+ ^ ^ c ,_ ions The 

cule HgiCU dissociates into one Mgr 
ion concentrations arc hence 
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[Hg t ++] = 0.64 X 10-« 

[G1-] = 1.28 X 10”« 

and the solubility product is 

*sr = [Hg^HCl-] 2 = 1.0 X io-“ 

In 1 liter of pure water 0.64 X 10” 6 formula weight of calomel 
can be dissolved. In 0.01 FNaCl solution [Cl~] equals 0.01; hence 
if this solution is saturated with calomel, the mercurous-ion con¬ 
centration is given by the equation 

[Hga ++ ](0.01) t - - 1.0 X 10-18 

or 

[Hg 2 ++] = 1.0 X 10-“ 

The solubility of calomel in this salt solution is hence 1.0 X 
10“ u /0.64 X 10~* = 1.6 X 10” 8 times smaller than in pure water, 
and a volume of 0.64 X 10® 1 (that is, 64 million liters) would be 
required to dissolve the 0.003 g of calomel which will dissolve in 
one liter of pure water. 

Example 2. Effect of pH on Solubility. In the purification and 
clarification of water for domestic use aluminum sulfate is sometimes 
added to produce a gelatinous precipitate of aluminum hydroxide, to 
which suspended particles cling. If the pH of the water is 7.0, how much 
aluminum ion remains in solution? The solubility product of Al(OH)* is 
1.9 X 10-“ 

Solution. At pH 7 the value of [OH”] is 1.0 X 10” 7 . 

Hence 

[A1+++K1.0 X 10” 7 ) 3 - 1.9 X 10- 33 
[Al 4_++ ] - 1.9 X 10"“ 

There hence remains 1.9 X 10~ 12 gram atom or, multiplying by 
the atomic weight of aluminum (27), 0.51 X 10 -10 gram of alumi¬ 
num ion in solution per liter of water. 

22—4. The Solution of Carbonates in Acid; Hard Water 

The normal carbonates of metals other than the alkalies and ammonium 
are only slightly soluble in water. We all know, however, that carbonates 
dissolve easily in acid. This is due in part to the fact that carbon dioxide 
produced by the reaction escapes from the solution, thus diminishing the 
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carbonate-ion concentration. It is also due in large measure to the exist- 
ence of most of the carbonate ion in acid solution in the form of HCO, 
or H 2 C0 3 rather than CO s ; only the last enters into the solubility- 
product expression of a normal carbonate, and accordingly a larger 
amount of carbonate can be dissolved by an acidic solution than by a 
neutral or basic solution before the ion-concentration product equals the 

solubility product of the carbonate. ... 

This is responsible for the solution of limestone by acid ground 
water; the quantitative discussion of this effect is given in the following 
paragraph. 


Quantitative Treatment of the Solubility of Carbonates. The solu¬ 
bility product of CaCOj is 4.8 X 10"*. 

The solubility of the substance in solutions sufficiently alkaline for all 
carbonate to exist as the carbonate ion COr is hence 7 X 10 5 molc/1 

or 0.001 g/1- __ . ^ 

In water with pH 7 the ion species HC0 3 predominates over C0 3 , 

the equilibrium expression 


IH+HCQr-) 

IHCOr) 


K 


HCO»" 


4.7 X 10-» 


leads to 

[CO,—1 _ 4.7 X Kg? 
[HCO,”) |H + ] 


or 


[CO," 1 /[HCO,-) = 4.7 X 10- for [H + l - 10- 

Moreover, with A'„, lo . = 4 3 X 10 "’ lhe IHCOri/ lH.CO^ equals 
4.3 a, pH 7. Hence in neutral solution the total carbon^ .; dtv.ded m 
the ratios 19% H,CO„ 81% HCO,- and only ».038% CO. ' ** 
total carbonate concentration being 2,600 t.mes the CO, conccntra- 
lion. The equilibrium expression 


|Ca+ + )lC0 3 --) = 4.8 X 10“* 


can accordingly be rewritten as 

[Ca ++ ] [total carbonate| = 4.8 X 10- X 2,600 = 1.25 X 10- 

If no calcium ion or carbonate were initially present, the two concentra¬ 
tions [Ca ++ ) and [total carbonate) resulti ng fro m solut.on of CaCO, 
would be equal and each would equal Vl.25 X 10 - 0.035 moe/ 

or 0.35 g/l, which is 51 times that in alkaline solutions. In acid solutions 
the solubilitv is much greater still. 
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Some natural waters are acid because of the presence of a large 
ampunt of dissolved carbon dioxide. On heating such water carbon 
dioxide is driven off, and the hydrogen-ion concentration of the water 
becomes much less. Even though the total carbonate concentration is 
decreased, the concentration of C0 3 may be increased greatly because 
of the increased ionization of HC0 3 “ resulting from the change in pH. 
This may cause the product [Ca 4- *"] [C0 3 ] to reach the solubility 

product, resulting in the deposition of CaC0 3 . Water of this kind, from 
which the dissolved calcium can be precipitated by boiling, is said to 
have temporary hardness. In practice this hardness is removed by adding 
lime, Ca(OH) 2 , which neutralizes the acid, and causes all the calcium 
to precipitate as carbonate. 

Permanently hard waters arc those containing calcium ion (perhaps with 
magnesium ion or iron ion) and sulfate or chloride ion instead of car¬ 
bonate. Such waters may be softened by the addition of sodium carbon¬ 
ate; the sodium ion which remains in solution is unobjectionable. 

The use of zeolites and of artificial macromolccular base-exchange 
agents for the softening of water has been described in Chapter 15. 

The solubilities of salts of other weak acids, such as phosphates, ace¬ 
tates, sulfides, etc., are also dependent on hydrogen-ion concentration. 
A discussion of sulfides is given in the following sections. 

22 — 5 . The Precipitation of Sulfides 

In the systems of qualitative analysis for the metal ions a very important 
procedure is sulfide precipitation, with the aid of which about fifteen 
of the twenty-three or twenty-four metals commonly tested for arc pre¬ 
cipitated. The great usefulness of sulfides in qualitative analysis depends 
on two factors—the great range of the solubility products of the sulfides 
and the great range of concentrations of the sulfide ion S which can 
be obtained by varying the acidity of the solution. 

Some solubility products of interest arc the following: 



f'SP 


^sr 

1 ls»S 

10 

ZnS 

10 *« 

CuS 

io- 40 

FeS 

10 -» 

c :ds 

Hr* 

CoS* 

io-» 

PUS 

Hr* 

NiS* 

10» 

SnS 

10“ M 

MnS* 

10-“ 


• CoS and NiS arc probably dimorphous; the less soluble forms, with A'bp about 10“®, 
an- not easily precipitated from acid solutions. MnS is dimorphous; the value given is for 
the usual flesh-colored form, the green form having A' SI . = 10"**. 
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The acid constants for H»S arc 

[H+HHS-1 .,, vin . 

“ [HjS] 


Ai,s- 


1.0 X 10 14 


|H + 1|S 1 
[HS - 1 

From those equations we obtain 

mirnp = i.i x io» 

IH-Sl 


or 


1.1 X 10--' |H;S| 
IS I - [H + l 5 


Now in the system of qualitative analysis part of the procedure cons.s.s 
in saturating a solution of appropriately adjusted hydrogen-,on m on., n- 
tra.ionwithhydrogensuir.de. In a saturated sol, it ton (w,th /»,,* - I 
the value of [H 3 S1 is about 0.1 Af. The forego,ng equal,on honre lot 

this case becomes 


is--) = 


1.1 x io ~ M 

|H - |* 


We sec that by changing the /<H from 0 ()H ' | ■= 1) to 12 (|H ' ] = 10 '•) 
the sulftdc-ion concentration can be varied throughout the great range 

from 10“” to over 1. 

In the Noyes-Swift procedure the metals of the hydrogen sulfide group 
arc precipitated from 0.3 A' acid solution. Let us use the solub.lity prod¬ 
ucts given above to predict which of these sulfides would be precipitated. 
With |H + ] = 0.3 we have [S—) = IO"’ 1 . Now about 0.5 or 1 mg ol 
metal in 100 ml of solution is the smallest amount which should escape 
detection in a system of qualitative analysis^ The ^"ntration of motal 
corresponding to this, assuming atomic weight 50 or 100. is [M 1 
Hence, if the solubility product of a sulfide MS were 10 or small, r 
any quantity of the ion M* + greater than 0.5 or 1 mg per 100 ml would 
be precipitated under these conditions. From the table we see that Hg 
Cu++ Cd++ Pb ++ , and Sn ++ should precipitate with the H -S group, and 
that 7n ++ Fc ++ Co 44 , Ni ++ , and Mn 44 should not. This is correct 
the hydrogen sulfide group consists of the ions Hg+\ Cu", Cd 1 + . 

Sn~ Sn” As”, As”, Sb +++ , Sb”. and Bi++*. The solubility products 
for the sulfides SnS„ As,S„ AsjS 4 , SbjS,, SbjS,, and Bi,S, have values 
compatible with their inclusion in this group. 

After separation of the precipitate by filtration, the filtrate ts made 
neutral or basic by adding ammonium hydroxide. With [H ) less than 
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table 22-1 Solubility-Product Constants at Room Temperature ( 18°-25° C) 


HALIDES 

K 8 p 

HAUDES 

<8P 

AgCI 

1.6 X 10-“ 

HgA* 

1 X 10-* 

AgBr 

5 X 10-'* 

MgFj 

6 X 10-* 

Agl 

1 x io-“ 

PbFj 

3.2 X 10-* 

BaFj 

\7 X 10 * 

PbOi 

\7 X 10-* 

CoF, 

3.4 X 10-» 

PbBrj 

6.3 X IQ"* 

CoCI 

1 x io- T 

Pblt 

9X10-’ 

CuBr 

1 X io« 

SrF, 

3 X 10-* 

Cul 

l x io-“ 

Tia 

2.0 X 10-* 

HgjCH* 

1 X 10"“ 

TlBr 

4 X 10-* 

Hg.Br,* 

5 X I0-* 

Til 

6 X 10-* 

CARBONATES 

Kbp 

CARBONATES 

Kbp 

Ag,CO| 

8 X 10-“ 

FeCO, 

2 X 10-“ 

BoCO, 

5 X 10* 

MnCOi 

9 X 10-“ 

CoCO, 

4.8 X 10-* 

PbCO, 

l x io-“ 

CoCO, 

l X io-“ 

SfCOj 

t x to-* 

CHROMATES 

K«p 

CHROMATES 

K«P 

Ag 2 CrO« 

1 x io-'» 

PbCrO* 

2 X !0-‘* 

BaCrO, 

2 X 10“ 

SrOO* 

3.6 X 10-* 

HYDROXIDES 

K«p 

HYDROXIDES 

Kbp 

AI(OH), 

1 X 10-» 

Ft(OH)i 

i x io-» 

Co(OH), 

8 X 10“« 

Mg(OH), 

6 X 10-“ 

Cd(OH), 

1 X 10-“ 

Mn{OH)t 

1 x io-“ 

Co(OH), 

2 X 10~“ 

NI(OH), 

i x io->* 

CKOH), 

l X 10~“ 

Pb(OH), 

1 x to-“ 

Cu(OH)] 

<5 X 10® 

Sn(OH)j 

i x to-* 

Fe(OH), 

1 X 10“ 

Zn(OHl, 

1 x io-“ 


SULFIDES, see 

Section 22-5. 


SULFATES 

Ksr 

SULFATES 

Kbp 

Ag : SO. 

1.2 X 10~* 

Hg?SO** 

6 X 10-’ 

Bo SO* 

l X 10“ 

PbSO* 

2 X 10-* 

CaSO«* 2H,0 

2.4 X 10~* 

SrSO* 

2.8 X 10- 7 


• The solubility-product expression. for mercurous salt, involve the concentration (Ho***]. 
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Exercises 

10-’ IS—] becomes greater than lO" 8 . Under these conditions any sul¬ 
fide MS with K sP less than 10“'’ would precipitate; this class includes 

the sulfides of Zn++ Fe^, CO++ N 1 ++, and Mn«. 

A morc.detailed discussion of sulfide precipitations is given in bwilt, 

System of Chemical Analysis. 

More complete tables of values of solubility-product constants may 
be found in handbooks and reference books (see end of Chap. 1). An 
extensive table (App. Ill) and discussion of the exper.mental data on 
which the values depend are given by W. M. Latimer, The Ox,dot,on 
States of the Elements and Their Potentials in Aqueous Solution , Prentice-Hall, 
New York, 1952. 


Exercises 


22-1. 

22 - 2 . 

22-3. 


22-4. 


22-5. 


The value of K SP for AgBr is 5.0 X 10-. What is its solubility? 

The solubility of MgF, is 0.075 g/l. What is *sp for this salt? 

The value of /C SP for PbCl, is 1.7 X 10-‘. What is its solubility in water? in 0.05 F 
NaCl? 

From the solubility of Ag,CrO*. 0.0030 g per 100 ml. calculate its solubility 
product, and from this its solubility in 0.01 F AgNO* and in 0.01 F K,CrO,. 
The silver halides have the following solubility products: 


1.6 X 
5.0 X 
1.0 X 


lO-io 

10 -'* 

10“ w 


AgCI 
AgBr 
Agl 

What would happen if a silver chloride precipitate were allowed to stand in a 
solution of sodium iodide? if a silver iodide precipitate were allowed to stand 
in a solution of sodium chloride? 

22-6. The values of K %r for AgCI and Ag.CrO. are 1.6 X I0'“’and 1.0 X 10”. 
respectively. Which will precipitate first when a drop of Ag solution a : added 
to a solution which contains 0.1 F NaCl and 0.1 F NaiCiO.? If add,non.,I 
Ag* is added (say from a 0.1 F solution), when will the other prec.p.tale beg.n 

to form? . j r 

Look up the color of Ag,CrO« in a reference book; suggest a method for the 

determination of Ag* or Cl- on the basis of these calculations. 

22-7. A solution is in equilibrium with a PbCrO. precipitate and a BaCrO. precipi¬ 
tate. What is the concentration ratio |Pb**]/|Ba'*) calculated for die dissolved 
cations? (This calculation is insufficient, because these two chromates actually 
form solid solutions.) 

22-8. Organic chemists sometimes shake a halide with silver oxide to prepare a hy¬ 
droxide. The same method may be used to convert an inorganic halide into 
the hydroxide, such as CsCI into CsOH. Explain this reaction with use- of the 
solubility product of Ag,0. which is (Ag 4 ) (OH ] X 2.0 = 10- What percent 
of iodide ion would remain unreplaced by hydroxide ion after tins treatment. 
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22-9. Using the data of Exercise 22-8, calculate the solubilities of Ag t O in solutions 
buffered at pH 7, 8, and 9. 

22-10. How much silver acetate would dissolve in one liter of a citrate buffer with 
pH 3.9? in a phosphate buffer with pH 6.0? /Tsp = 3.6 X 10 _s for AgCtHjO,; 
be sure to consider the equilibrium HCjHjO, = H + -+■ CiHjOj - in solving this 
problem. 

22-11. The value of K s p for BaCO, is 5 X 10"*. What are the solubilities of this salt 
in solutions buffered qt pH 12, 8, 7, and 6? 

22-12. What happens when solid BaCOj is shaken up with pure distilled water, initi¬ 
ally at pH 7? 

22-13. The value of /fsp for calcium oxalate, CaC,0 4l is 2 X 10 - *; for H,C,0 4 (oxalic 
acid) K x - 0.059 and K , = 6 X 10~\ What b the solubility of CaC,0 4 in pure 
water? Show that the hydrolysb of C*Or" can be neglected in thb problem. 
What is the solubility of CaCaO* in a solution buffered at pH 5? 

22-14. Show that the value K s p - 10 -74 for BitSj b compatible with the inclusion of 
bismuth in the hydrogen sulfide group. 

22-15. Calculate the weights of the ions Hg 4 -*, Cu 4 *, Cd*-*, Pb 4-4 , and Sn 4 " 4 which 
would remain in solution in 100 ml of 0.3 N acid after hydrogen sulfide pre¬ 
cipitation. 

22-16. From the qualitative consideration of the equilibria involved predict which 
solvent will dissolve the greater amount of solute, and give your reasons: 

(a) BaCOj in water or 1 F HCtHjOt 

(b) AI(OH)j in water or 1 F HCI 

(c) BaSO« in 1 F HC,H,0, or 1 F HNO, 

(d) AgC,H,0, in 0.1 F HNO, or 0.1 F NaCjHjO* 

(c) Ag,Cr0 4 in 0.1 F AgNO, or 0.1 F K,Cr0 4 

(f) Fc(OH), in 0.1 F NH«C1 or 0.1 FNH 4 OH • 

(g) CO, in water or 1 F HCI 

(h) Mg(OH), in water or 1 FNH 4 C1 

(i) Ca,(PO«), in 1 F HC,H,0, or 1 FHCl 

22-17. A test for magnesium ion may be made by adding to the solution (50 ml volume) 
about 5 ml of 15 N NH 4 OH and 15 ml of 1 N Na,HP0 4 ; in the presence of 
Mg** a white precipitate, NH 4 MgPO«, b formed, (a) Write the solubility- 
product expression for ammonium magnesium phosphate, (b) Ammonium 
magnesium phosphate is moderately soluble in water, yet the test carried out 
as directed above is satisfactory if as much as \ mg of Mg** is present. More¬ 
over, the above test is not satisfactory if NH 4 OH is replaced by NH«CI, although 
the latter gives a larger concentration of ammonium ions. Explain these facts 
by consideration of the equilibria involved. 



Chapter 23 


Complex Ions 


23-1. The Nature of Complex Ions 


An ion which contains several atoms, such as the sulfate *°‘ ^ 
is called a complex ion'. Familiar examples of complex tons other than 
those of the oxygen acids are the deep blue cupnc ammonia complex 
ion, Cu(NHj)« ++ , which is formed by adding ammomurn hydroxide 

, a solution ^of the 

hydrated' metal ions such as A1 (H i O) 6 +++ are properly cons.dered to be 

C0 ^mpllx n ions are important in the methods of separation used in 
Qualitative and quantitative chemical analysis and in yanous mdustru, 
Jesses T a hc ir q struc,ure and properties are discussed m detail ,n this 

chapter. 


23-2. Ammonia Complexes 


a "Kr„ U a S £££ hydroxide solution are add., tu a cupric 

solution a blue precipitate is formed. This is euprie hydroxide, C.ufOH), 

• TV crystal structure of CuSO. SH.O shows that In tin try,a. four water n.oK.ulcs 
arc attached closely to the cupric ion. and the fifth « more daunt. 
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which precipitates when the ion-concentration product [Cu 4-4- ] [OH ] 2 
reaches the solubility product of the hydroxide. [Here the symbol Cu 4 ^ 
is used, as is conventional, for the ion species Cu(H 2 0)4 ++ .] Addition 
of more sodium hydroxide solution leads to no further change. 

If ammonium hydroxide is added in place of sodium hydroxide the 
same precipitate of Cu(OH) 2 is formed. On addition of more ammonium 
hydroxide, however, the precipitate dissolves, giving a clear solution 
with a deeper and more intense blue color than the original cupric 
solution. • 

The solution of the precipitate cannot be attributed to increase in 
hydroxide-ion concentration, because sodium hydroxide docs not cause 
it, nor to ammonium ion, because ammonium salts do not cause it. 
There remains undissociated NH4OH or NH3, which might combine 
with the cupric ion. It has in fact been found that the new deep-blue 
ion species formed by addition of an excess of ammonium hydroxide 
is the cupric ammonia complex Cu(XHj) 4 4 ’ 4 , similar to the hydrated 
cupric ion except that the four water molecules have been replaced by 
ammonia molecules. This complex is sometimes called the cupric tetram - 
mine complex , the word ammine meaning an attached ammonia molecule. 

Salts of this complex ion can be crystallized from ammonia solu¬ 
tion. The best-known one is cupric tetrammine sulfate monohydrate, 
Cu(NH 3 ),SC) 4 I 1,0. which has the same deep-blue color as the solution. 

The reason that the precipitate of cupric hydroxide dissolves in an 
excess of ammonium hydroxide can be given in the following way. A 
precipitate of cupric hydroxide is formed because the concentration of 
cupric ion and tli«* concentration of hydroxide ion are greater than the 
values corresponding to the solubility product of cupric hydroxide. If 
there were some way for copper to be present in the solution without 
exceeding tin* solubility product of cupric hydroxide, then precipitation 
would not occur. In the presence of ammonia, copper exists in the 
solution not as the cupric ion (that is. the hydrated cupric ion), but 
principally as the cupric ammonia complex. CufNHj)* 4 ’ 4 '. 1 his complex 
is far more stable than the hydrated cupric ion. The reaction of formation 
of the cupric ammonia complex is 

Cu 44 - + 4NII, =♦=* Cu(NHj) 4 +4 

We see from the equation for the reaction that the addition of ammonia 
to the solution causes the equilibrium to shift to the right, more of the 
cupric ion being converted into cupric ammonia complex as more and 

• In il.-M r ilmu? i oloi «l*«* ad|r« live “deep" refers not to intensity but to shade; deep blue 
tends toward indieo. 
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more ammonia is added to the solution. When sufficient ammonia is 
present a large amount of copper may exist in the solution as cupric 
ammonia complex, at the same time that the cupric-ion concentration 
is less than that required to cause precipitation of cupric hydroxide. 
When ammonia is added to a solution in contact with the precipitate 
of cupric hydroxide the cupric ion in the solution is converted to cupric 
ammonia complex, causing the solution to be unsaturated with respect 
to cupric hydroxide. The cupric hydroxide precipitate then dissolves 
and if enough ammonia is present the process continues until the precipi¬ 
tate has dissolved completely. 

This process of solution of a slightly soluble substance through 
formation of a complex by one of its ions is the basis of some of the 
most important practical applications of complex formation. Several 
examples are mentioned later in this chapter. 

The nickel ion forms two rather stable ammonia complexes. When 
a small amount of ammonium hydroxide solution is added to a solution 
of a nickel salt (green in color) a pale-green precipitate of nickel hy¬ 
droxide, Ni(OH) 2 , is formed. On addition of more ammonium hydroxide 
solution this dissolves to give a blue solution, which with still more 
ammonium hydroxide changes color to light blue-violet. 

The light blue-violet complex is shown to be the nickel hexamminc 


FIG. 23-1 

The structure of crystalline nickel hex- 
ammine chloride , Ni(NHi)tPli. The crys¬ 
tal contains octahedral nickel hexammine 
ions and chloride ions. 
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ion, Ni(NH 3 ) 6 ++ , by the facts that the same color is shown by crystalline 
Ni(NH*) 6 Cl 2 and other crystals containing six ammonia molecules per 
nickel ion, and that X-ray studies have revealed the presence in these 
crystals of octahedral complexes in which the six ammonia molecules 
are situated about the nickel ion at the comers of a regular octahedron. 
The structure of crystalline Ni(NH 3 ) 6 Cl 2 is shown in Figure 23-1. 

The blue complex is probably the nickel tetramminedihydrate 
ion, Ni(NH 3 ) 4 (H 2 0) 2 + ‘ , \ Careful studies of the change m color with 
increasing ammonia concentration indicate that the ammonia mole¬ 
cules are added one by one, and that all the complexes Ni(H 2 0) 6 , 

Ni(H 2 0) 5 NH 3 ++ , Ni(H 2 0)<(NH 3 ) 2 ~, Ni(H,0),(NH,),~ Ni(H 2 0) 2 

(NH 3 ) 4 ++ > Ni(H 2 0)(NH 3 ) 6 ++ , and Ni(NH 3 )e ++ exist. 

Several metal ions form ammonia complexes with sufficient stability 
to put the hydroxides into solution. Others, such as aluminum and iron, 
do not. The formulas of the stable complexes are given below. There is 
no great apparent order about the stability or composition of the com¬ 
plexes, except that often the unipositivc ions add two, the bipositive 
ions four, and the terpositive ions six ammonia molecules. This rule is 
explained by the clcctroncutrality principle (Sec. 10-8); if the metal- 
nitrogen bonds have 50% ionic character, these formulas lead to zero 
electric charge on the metal atom. 

The silver ammonia complex, Ag(NH 3 ) 2 + , is sufficicndy stable for 
ammonium hydroxide to dissolve precipitated silver chloride by re¬ 
ducing the concentration of silver ion, [Ag + ], below the value required 
for precipitation by the solubility product of AgCl. A satisfactory test 
for silver ion is the formation with chloride ion of a precipitate which 
is soluble in ammonium hydroxide. 


Stable Ammonia Complexes 

Cu(NH 3 ) 2 + 

Cu(NHi)i j *" Co(NH,), +4+ 

Ag(NH 3 ) 2 + 

Zn(NH,), + - Cr(NH,). ++4 

Au(NH 3 ) 2 + 

Cd(NHj)« 4+ 


Hg(NHj) 5 ++ 


Hg(NH,), ++ 


NKNH,), 44 


Ni(NH,). ++ 


Co(NH,). ++ 


Notes: (1) Cobahous ammonia ion is easily oxidized by air lo cobaltic ammonia ion. 
(2) Chromic ammonia ion forms only slowly, and is decomposed by boiling, to give 
chromium hydroxide precipitate. 
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23-3. Cyanide Complexes 

Another important class of complex ions includes those formed by the 
metal ions with cyanide ion. The common cyanide complexes arc given 

in the following list. 


Cyanide Complexes 

Cu(CN), - Zn(CN) 
Ag(CN)r 
Au(CN),- 


Fe(CN)r-- 

Co(CN),— 

Au(CN),- 


Cd(CN)." 

Hg(CN).— 

Mn(CN),- 

Fe(CN),- 

Co(CN).- 

Some of these complexes arc very stable; the stability of the ar- 
gentocyanide ion, Ag(CN) s -, for example, is so great that addition of 
sulfide does not cause silver sulfide to precipitate even though the 
solubility product of silver sulfide is very small. The ferrocyan.de ion, 
Fc(CN)r—, ferricyanide ion, Fe(CN)* , and cobalt.cyan.de .on 
Co(CN).—, are so stable that they arc not apprec.ably decomposed 
by strong acid. The others are decomposed by strong acid, with the 

formation of hydrocyanic acid, HCN. , , . . , 

An interesting illustration of the stability of the fcrrocyan.de com¬ 
plex is provided by the old method of making potassium fcrrocyan.de 
K,Fc(CN)„ by strongly heating nitrogenous organic material (such . 
dried blood and hides) with potassium hydroxide and iron filings 

The cobaltocyanide ion, Co(CN)r~ 
monia complex, a very strong reducing agent ; it is able to decompo. 
water, liberating hydrogen, as it changes into coball.cyan.de ion 

An interesting practical use of cyanide complexes occurs^ m the e - 
traction of gold and silver from ores by the cyan.de process. Gold s a 
noble metaf, with oxidation-reduction potential such that it >s >nsolub c 
in acids other than aqua regia (see the following second Itjisua ly 

occurs as native gold, the elementary substance, d.stnbu ed .n fine grams 

through quartz or other rock. The solution of the gold is effc-edby 
utilizing the great stability of the auric cyanide complex, At (CN), 
The powdered ore is treated with a solution of sodium cyan.de .n .lu 
presence of air, and the gold goes into solution as At.(CN), .atmos¬ 
pheric oxygen being the agent which oxidizes the gold from th, zc.o- 
valent to the terpositive state: 

4Au + 16CN- + 6H.O + 30, —^ 4Au(CN)r + 120H“ 
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Silver ores are also leached by the cyanide process. For native silver 
the reaction is similar to that for gold: 

4Ag + 8CN- + 2H,0 + 0 2 —*- 4Ag(CN) 2 ~ + 40H“ 

Oxygen is not needed for leaching of silver ores in which the silver is 
present as compounds; a representative reaction for this case, for the 
silver mineral cerargyrite, AgCl, is 

AgCl + 2CN- —Ag(CN)r + Cl“ 

The gold and silver are usually regained from the leaching solution 
by electrolytic deposition or by replacement by zinc or aluminum. 

Cyanide solutions are used in the electroplating of gold, silver, zinc, 
cadmium, and other metals. In these solutions the concentrations of 
uncomplcxed metal ions are very small, and this favors the production 
of a uniform, fine-grained deposit. Other complex-forming anions (tar¬ 
trate, citrate, chloride, hydroxide) are also used in plating solutions. 


23-4. Complex Halides and Other Complex Ions 

Nearly all anions can enter into complex formation with metal ions. 
Thus stannic chloride, SnCl*, forms with chloride ion the stable hexa- 
chlorostannate ion, SnCU“", which with cations crystallizes in an exten¬ 
sive* series of salts. Various complexes of this kind arc discussed below. 

Chloride Complexes. Many chloride complexes arc known; repre¬ 
sentative are the following: 

CuCI 2 (H 2 0)., CuCI)(H s O)-, CuClr- 

AgCir, AuCir 

HgCIf- 

Cd(:ir“, CdCl*- 

SnCIfi* ’ 

PtClr, 

AuC:i |— 

I lie ( upric chloride complexes are recognizable in strong hydrochloric 
acid solutions by their green color. The crystal CuCI 2 *2H 2 0 is bright¬ 
er «n. and X-ray studies have shown that it contains the complex mole- 
«ii CuCl.d I.O) 2 . The ion CuCIa(H-O)” is usually written CuClj - ; it 
is highly probable that the indicated water molecule is present, and, 
indeed, the ion Cu(H 2 0) 3 CI‘ very probably also exists in solution. 

1 he stability of the tetrachloroaurate ion AuCU“ is responsible for 
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the ability of aqua regia, a mixture of nitric and hydrochloric acids, to 
dissolve gold, which is not significandy soluble in the acids separately. 
Nitric acid serves as the oxidizing agent which oxidizes gold to the 
terpositive state, and the chloride ions provided by the hydrochloric 
acid further the reaction by combining with the auric ion to form the 
stable complex: 

Au + 4HC1 + 3HNOj —*- HAuCl, + 3NO s f +3H ? 0 
The solution of platinum in aqua regia likewise results in the stable 

hexachloroplatinate ion, PtCl* . 


Other Halide Complexes. The bromide and iodide complexes closely 
resemble the chloride complexes, and usually have similar formulas. 

Fluoride ion is more effective than the other halide ions in forming 
complexes. Important examples arc the tetrafluoroborate ion, BF, , the 
hexafluorosilicate ion, SiF.", the hexafluoroaluminate ion, A1F* , 
and the ferric hexafluoride ion, FcF*™. 

The triiodide ion, I," is formed by dissolving iodine in an iodide 
solution. Similar complexes exist, including the dibromoiod.de and 
dichloroiodide ions, IBrj and I Cl. . 

Complexes with Thiosulfate, Nitrite, etc. A useful complex is 
that formed by thiosulfate ion, S,0,", and silver ion. Its formula is 
Ag(S 2 O a )s , and its structure is 





AS 



L 




j 


analogous to 

(H a N—Ag—NH 3 ) f 

and 

[: N—C—Ag—C—N : 1 “ 

This complex ion is sufficiently stable to cause silver chloride and bro¬ 
mide to be soluble in thiosulfate solutions, and this is the reason that 
sodium thiosulfate solution (“hypo") is used after development of a 
photographic film or paper to dissolve away the unreduced silver halide, 
which if allowed to remain in the emulsion would in the course of time 
darken through long exposure to light. 
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Of the nitrite complexes, that with cobaltic ion, Co(N0 2 )6 , called 

the cobaltinitrite ion or hexanitritocobaltic ion, is the most familiar. 
Potassium cobaltinitrite, K 3 Co(N0 2 )«, is one of the least soluble potas¬ 
sium salts, and its precipitation on addition of sodium cobaltinitrite 
reagent is commonly used as a test for potassium ion. 

Ferric ion and thiocyanate ion combine to give a product with an in- 
tense red color; this reaction is used as a test for ferric iorn The red color 
seems to be due to various complexes, ranging from Fe(H 2 0 ) 5 NLab to 
Fe(NCS)«-. The azide ion, NNN”, gives a similar color with ferric ion. 



Co(NH 5 ) 4 CO/ 

FIG. 2 3-2 The structure of the cobaltic trioxalate ion t CoCCjCMa , and 
the cobaltic tetrammine carbonate ion , Co(NH*)aCO **. Two oxygen atoms of 
each oxalate group or carbonate group are bonded to cobalt , and occupy two of 
the six corners of the octahedron. These corners must be adjacent , connected by an 
edge of the octahedron. 
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The Chromic and Cobaltic Complexes. Tervaient chromium and 
cobalt combine with cyanide ion, nitrite ion chlonde ion,to 
oxalate ion, water, ammonia, and many other tons and ™ lccul " 
form a very great number of complexes, with a wide range of colon. 
wh"h are nLly the same for corresponding chromic and cobalt.c 
complexes. Most of these complexes are stable, and are formed and 
decomposed slowly. Representative are the members of the senes 

t* r \ f y I 


Cr(NHj)( 

yellow 


Cr(NH 1 ) s Cl ++ 

purple 


Cr(NHj) t CU 

green 


Cr(NHj)jCl; 

violet 


Cr(NH,),Cl, 

orange-red 


and 


Co(NH,) 5 H j O +++ 

rote-rod 


Co(H,0)« 

purple 


+++ 


Co(NHj)« _ 

A group"such as oxalate ion, CsO,". or carbonate ion CO*--, may 
occupy two of the six coordination places m an octahedral complex, 
examples are Co(NH,).CXV and Cr(C,0 4 ).—• The structure of these 

Cr(H 2 0 ) 6 S 04 + . At room temperature these grec p 

decompose, again forming the purple solut.on. 

23-5. Hydroxide Complexes 

If sodium hydroxide is added to a solution containing zinc ion a pre¬ 
cipitate of zinc hydroxide is formed: 

ZO++ + 20H- =>=* Zn(OH), 

Vzzrjsss Szslt- -*« - -— 

Is the zincate ion, Zn(OH),", by the reaction 
Zn(OH), + 2QH- +=* Zn(OH)r 
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The ion is closely similar to other complexes of zinc, such as Zn(H 2 0)4' t ~ 4 ', 
.Zn(NH 3 )4 ++ , and Zn(CN)4~~, with hydroxide ions in place of water or 
ammonia molecules or cyanide ions. The ion Zn(H 2 0)(0H) 3 “ is also 
formed to some extent. 

. Recalling that the hydrolysis of zinc salts produces the cation 
Zn(H 2 0) 3 0H + , we see that the molecular species that exist in zinc 
solutions of different />H values are the following: 

a i .• 7Zn(H 2 0) 4 ++ 

Acidic solution { Zn(Hj0)j(0H)+ 

Neutral solution Zn(H 2 0) 2 (0H) 2 Zn(OH) 2 1 

Basic solution 

The conversion of each complex into the following one occurs by 
removal of a proton from one of the four water molecules of the tetra- 
hydrated zinc ion. The precipitate of zinc hydroxide is formed by loss 
*>f water from the neutral complex Zn(H 2 0)*(0H) 2 . 

The precipitate Zn(OH) 2 also fits into the system of complexes, despite 
the difference of its formula from the general expression ZnX 4 . Two 
molecules of Zn(H 2 0) 2 (0H) 2 can combine with loss of one molecule of 
water to form the larger complex 

H 

HO XX OH 

\ / 

Zn^ Zn 

/ \ / \ 

H.O OH, HO OH: 

In this complex, Zn:(H:0)j(0H) 4 , each zinc ion is surrounded by 
four oxygen atoms (of OH" or H : 0), exactly as in the hydrated zinc 
cation or the zincate anion; the loss of water without decrease in co¬ 
ordination number is achieved by the dual role played by one hydrox¬ 
ide oxygen atom, which serves as part of the coordination tetrahedron 
lor both zinc ions. By continuing this process all of the tetrahedra can 
be linked together into an infinite framework, in which each tetra¬ 
hedron shares its corners with four other tetrahedra. This is the structure 
of the Zn(OH): precipitate. 


Amphoteric Hydroxides. A hydroxide, such as zinc hydroxide, which 
can combine with acids to form salts and also with bases to form salts 


(§ 23-5 ] Hydroxide Complexes 

is called an amphoteric hydroxide. The amphoteric properties of a metal 
hydroxide are determined by the stability of the hydroxide complex ol 

the metal. . , . . . 

The principal common amphoteric hydroxides and their anions are 

the following: 

Zn(OH). Zn(OH),— zincate ion 

AI(OH) a Al(OH),- aluminatc ion 

Cr(OH), Cr(OH).- chromite ion 

Pb(OH) 2 Pb(OH),- plumbite ion 

Sn(OH)- Sn(OH),- stannite ion 

In addition the following hydroxides evidence acidic properties In- 
combining with hydroxide ion to form complex anions: 

Sn(OH), Sn(OH).-- stannatc ion 

As(OH)j A»(OH)«- arsenite ion 

As(OH)i AsOr" arsenate ion 

Sb(OH), Sb(OH) 4 " antimonite ion 

Sb(OH), Sb(OH)«“ antimonate ion 


Except for arsenate ion, and possibly arsenite ion, the anions arc hy¬ 
droxide complexes as indicated. 

The hydroxides of this second set are not properly described as 
amphoteric, despite their acidic properties, because they do not have 
basic properties. These hydroxides do not combine with strong acids 
in general, but dissolve in acid only in the presence of anions, such as 
chloride ion, with which they can form complexes, such as the chloro- 

stannatc ion, SnCU" . 

The hydroxides listed above form hydroxide complex anions o a 

sufficient extent to make them soluble in moderately strong alkali 
Other common hydroxides have weaker acidic properties: OjfOHMnd 
Co(OH)j are only slightly soluble in very strong alkali and C-d(OH),. 
Fc(OH)>, Mn(OH)„ and Ni(OH)- are effectively insoluble. 1 he com¬ 
mon analytical method of separation of AV ". C.r . and Zn from 
Fc + - M ', Mn H , Co ++ , and Ni ++ with use of sodium hydroxide is based 

on these facts. 


• Because of the difficulty of determining 
solutions, chemists have been slow to accept 


the amount of hydration of an ion in aqueous 
these formulas; the older formulas are ZnO, 


AlOs", etc. 

It is possible that plumbite ion and stannite ion 


contain more hydroxide groups than 


ndicated. 


.i 
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23—6. Sulfide Complexes 

Sulfur, which is directly below oxygen in the periodic table of the ele¬ 
ments, has many similar properties with it. One of these is the property 
of combining with another atom to form complexes; there exist sul/o 
acids (thio acids) of many elements similar to the oxygen acids. An ex¬ 
ample is sulfophosphoric acid, H3PS4, which corresponds exactly in 
formula to phosphoric acid, H3PO4. This sulfo acid is not of much im¬ 
portance; it is unstable, and hydrolyzes in water to phosphoric acid 
and hydrogen sulfide: 

H3PS4 + 4 H 2 0 —H3PO4 + 4 H 2 S 

But other sulfo acids, such as sulfarsenic acid, H3ASS4, are stable, and 
are of use in analytical chemistry and in chemical industry. 

All of the following arsenic acids are known: 

H3ASO4 H3ASO3S HjAsOiS, H3ASOS3 H3ASS4 

The structure of the five complex anions As 0 4 , As 0 3 S , 

ASO2S2-, AsOS 3 -, and AsS 4 -is the same: an arsenic atom 

surrounded tctrahcdrally by four other atoms, oxygen or sulfur. 

Some metal sulfides arc soluble in solutions of sodium sulfide or am¬ 
monium sulfide because of formation of a complex sulfo anion. The 
important members of this class are HgS, As 2 S 3 , Sb 2 S 3 , As 2 S 6 , Sb 2 S & , 
and SnS 2 , which react with sulfide ion in the following ways: 

HgS + S— = 5 =* HgS,— 

AsaS, + 3 S =*=±= 2 AsS # — 

Sb 2 S 3 + 3 S-- =f±: 2 SbS 3 --“ 

As*S 6 + 3S =*=±= 2AsS 4 “-- 
Sb 2 S 6 + 3 S-- ^=fc 2 SbS 4 
SnS 2 + S SnS 3 

Mercuric sulfide is soluble in a solution of sodium sulfide and sodium 
hydroxide (to repress hydrolysis of the sulfide, which would decrease 
the sulfide-ion concentration), but not in a solution of ammonium sul¬ 
fide and ammonium hydroxide, in which the sulfide-ion concentration 
is smaller. The other sulfides listed are soluble in both solutions. CuS, 
Ag 2 S, Bi 2 S 3 , CdS, PbS, ZnS, CoS, NiS, FeS, MnS, and SnS are not 
soluble in sulfide solutions, but most of these form complex sulfides 
by fusion with Na 2 S or K 2 S. Although SnS is not soluble in Na 2 S or 
(NH 4 ) 2 S solutions, it dissolves in solutions containing both sulfide and 
disulfide, NaA or (NH 4 ) 2 S 2 , or sulfide and peroxide. The disulfide 
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ion, ST-, or peroxide oxidizes the tin to the stannic level, and the 
sulfostannatc ion is then formed: 

SnS + &--*=* SnSr " 

EE HSrSi sS; °s„s, si, w — -* 

solution, which dissolves only the tin-group sulfides. 

23-7 The Quantitative Treatment of Complex Formation 

:S”'.h“o™,ao“ complex^. Sotr,r =1 .h. -V> * • h “ 

b^done ,r« excised id <h= toltowthg paragraph., 

■w- 

ISgZZ SSd ,o gixr a ^ 

,h ' NH.OH i. partially lotted and i. in 

equilibrium with dissolved ammonia: 

NHj + HjO *=*= NH.OH =?* NH,*’ + OH 

Addition of NH.C1 would increase £ 

equilibrium to the - Ml, prod'“-^precipitate Cu(OH) 3 is in cqui- 

asrtrrsri—;»t— 

Cu(OH); + 4NH, ** Cu(NHj)« ++ + 20H' 

r i mm 1 ind the decrease of |OH ] caused by 

-“^r ac,ion to ,hc 

right; hence more of the precipitate would dissolve. 

• •. ... .,f \"< .1 be formed if 1 ml of 1 F 
Example 2. Would a preci,.null of Afc ( ^ jn CN - and , j n 

A»NO» were added to U«> , ( x ,„-io and the complex¬ 
es-? The solubility product of Ag<l •* * 

formation constant of Ag(CN) s is 


lAg(CN)-; 1 _ , x 1(J31 

lAg'l ICN-]’ 
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Solution. With [CN“] = 1, the ratio [Ag + ]/[Ag(CN) 2 - ] has the 
value 1 X 10 -41 . Hence, if all the added silver ion were in solu¬ 
tion the value of [Ag(CN) 2 “] would be 10 -2 (since except for a 
minute amount the total silver present would be in the form of 
this complex), and the value of [Ag + ] would be 10“ 2 X 10 -21 = 
10" 23 . Now the product [Ag + ] [C1-] equals 10’ 23 if [Ag+] = 10“® 
and [Cl ] = 1; the product of these values is very much smaller 
than the solubility product, so that the solution is far from saturated 
with respect to AgCl, and no precipitate would form. 


TABLE 23-1 Ammonia Concentrations Producing 50% Conversion oj Metal Ions to 
Complexes 


METAL ION 

COMPLEX ION 

AMMONIA CONCB4TRA1ION 

Cu+ 

Cu(NHj)j* 

5 X 10- 

A«* 

Ag(NHj);* 

2 X 10- 

Zn~ 

Zn(NH,)«— 

5 X 10- 

Cd~ 

Cd(NH,),~ 

5 X 10- 


Cd(NH,),- 

10 

H®~ 

Hg(NHj,— 

2 X 10- 


Hg(NH,)«— 

2 X 10- 

Cu— 

Co(NHj)| — 

5 X 10- 

Ni~ 

Ni{NM,) 4 — 

5 X 10- 


Ni(NHj)»— 

5 X 10- 

Co— 

CotNM,),— 

l X 10- 

Co— 

CotNH,),— 

1 X 10- 


In the accompanying tables there arc given values of equilibrium 
constants or equivalent constants for the reactions of formation of some 
complexes. The values of equilibrium constants must be used with some 
caution in making calculations. Thus for the reaction 

Cu++ + 4NH 3 Cu(NHj) 4 ' f+ 
we would write 

A’ = [Cu(NH,)«++] 

[Cu~] |NH 3 ) 4 

as the equilibrium constant, and expect the concentration ratio 
[Cu(NHj)T* )/lCu ++ ] to vary with the fourth power of the ammonia 
concentration. This is true, however, only as an approximation, because 
the reaction is more complicated than this. Actually the ammonia 
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molecules attach themselves to the copper ion one at a time (replacing 
water molecules), and an accurate treatment would require that there 
be considered the four successive equilibria 


Cu(HjO)i ++ + NH, Cu(H,0) 3 NH 3 ++ + H*0 
Cu(H,0) 3 NH3 ++ + NH, Cu(H ! 0) ! (NH 3 ) ! ' h + H-O 
Cu(HjO)j(NH 1 )« ++ + NH, ^ CuH j O(NH 3 ) 3 - + H,0 
CuH.O(NH 3 ) 3 ++ + NH, Cu(NH 3 ), ++ + H-O 

The consequence of the existence of these intermediate complexes is 
that the formation of the final product takes place ovet a larger range 
of values of the ammonia concentration than it would otherwise. If 
the complex were formed in one step the change from 1% to 99% con¬ 
version would require only a tenfold increase in [NH,]; it is found b> 
experiment, however, that the ammonia concentration must be increased 
10 P 000 -fold to produce this conversion, as followed by the color change. 


TABLE 23-2 Ion Concentration, Producing 50% Conversion of Metal Ions to Complexes 



23-8. The Structural Chemistry of Complexes 


The concept of the coordination of ions or groups in a definite geometric 
arrangement about a central ion was developed shortly after die begin¬ 
ning of the present century by the Swiss chcmis, Alfred Werner o 
account for the existence and properties of compounds such as K : Snt.l„, 
Co(NH,)J,, etc. Before Werner’s work these compounds had been as- 
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signed formulas such as SnCl4*2K.Cl and Col3'6NH3, and had been 
classed as “molecular compounds,” of unknown nature. Werner showed 
that the properties of the complexes of Cr 4 "*^, Co M ', Sn 1 11 1 , and other 
atoms with coordination number 6 could be explained by the postulate 




Cis form 



Tran 5 form 

✓ 

Co(NM^CI^ 


FIG. 23-3 The cis and Irons isomers oj the cobaltic telrammine dichloride ion, 
Co(NHs) A Cl-t+. In the cis Jorm the two chlorine atoms occupy adjacent corners oj 
the coordination octahedron about the cobalt atom, and in the trans form the two 
chlorine atoms occupy opposite corners. 

that the six attached groups arc arranged about the central atom at 
the corners of a circumscribed regular octahedron. 

One important property which Werner explained in this way is the 
existence of isomers , different substances with the same chemical com¬ 
position. For example, there are two complexes with the formula 
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Co(NH 3 )4C1 2 + , one violet in color and one green. Werner identified 
these two complexes with the cis and trans structures shown m Figure 
23-3 In the cis form the chloride ions arc in adjacent positions, and 
in the trans form in opposite positions. Werner identified the violet 
complex with the cis configuration through die observation that it could 
be made easily from the carbonate-ammonia complex CoINH.I.CU. , 

for which only the cis form is possible (Fig. 23-2). , • 

Complexes MX, arc sometimes tetrahedral in configuration 
[Zn(CN).-, Zn(NHj) t ++ l, and_ sometimes square and planar 

^iITintereSng^hat in many complexes the number of ele «rons 
about the central atom, including two electrons for each bond 
attached atoms, is equal to the number in a noble gas. Thus in 

NH, 


H,N : Zn : NH, 


L 


NH S J 


the 28 electrons of the zinc ion Zn~ and the 8 electrons of the four 
bonds to7al 36, the number in krypton; in this complex the zinc atom 
has achieved the krypton electronic structure. Similarly, in the ferro- 
H TTn Fe(CN).---' the iron atom has the krypton complement 

ToSS; ,„d «ku i«d,» 

such as Co(CN). ^.e^h^hey IrTvery easily oxidized by at- 

corresponding cob.l.ic =on,plr«r,, .nd in .hr 

—* 

o, compare J- ^ iSSTK “ 

ments, and other modern me.noo correlated with their 

S'Tpt“ .o bring rcosonobic order in.o 

this field of chcml ^ v comp i cxcs of metals with carbon monoxide. 
The metal “£t7n C « of »me practical importance. In the Mond 

are interestuig substances o. P k , ores , he ore is red uced 

i- —— — -*■ - - 
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oxide is not reduced. Carbon monoxide is then passed through the re¬ 
duced ore at room temperature; it combines with the nickel to form 
nickel carbonyl: 

Ni + 4CO —>• Ni(CO) 4 

Nickel carbonyl is a gas. It is passed into a decomposer heated to 150° C; 
the gas decomposes, depositing pure metallic nickel, and the liberated 
carbon monoxide is returned to be used again. 


Exercises 

23-1. Discuss the effects of adding to three portions of a cupric solution (a) NH 4 OH, 
(b) NaOH, (c) NH«C1. Write equations for reactions. 

23-2. To three portions of a solution containing Ni^ -4 and Al 4- * -4 there are added 
(a) NaOH, (b) NH 4 OH, (c) NaOH + NH 4 OH. What happens in each case? 

23-3. Is silver chloride more or less soluble in 1 F NH 4 OH than in a solution 1 F in 
NH 4 C1 and 1 F in NH 4 OH? Why? (Note that there arc two opposing effects— 
one resulting from the change in degree of ionization of NH 4 OH and the other 
from the increase in concentration of chloride ion. Which of these effects is the 
larger?) 

23-4. Write the equation for the principal chemical reaction involved in fixing a 
photographic film. 

23-5. For each of the following cases state in which of the two solutions the substance 
is more soluble, and why. Write equations for reactions. 


kcio 4 

in 1 

F K,S0 4 

or 1 

F Na?SOi 

AgCsHjO? 

in 0.1 

F NaCjHjOi or 0.1 

F HCjHjOj 

Al(OH), 

in 1 

F NaOH 

or 1 

F NH*OH 

Cu(OH), 

in 1 

F NaOH 

or 1 

F NH 4 OH 

Cu(OH), 

in 1 

F NHiOfi 

or 1 

F NH 4 OH + 1 FNH 4 C1 


23-6. From the complex constant of Ag(S 3 Oj) a (obtained from Table 23-2) and 
the solubility product of AgBr calculate the thiosulfate-ion concentration needed 
to dissolve 5 g of AgBr per liter. 

23-7. Arrange the following solutions in order of ability to dissolve AgCl, using data 
from Tables 23-1 and 23-2: 0.1 F NaNOj, 0.1 F Na&O,, 0.1 F NaCN. 

23-8. Will 0.1 g oF AgBr dissolve in 100 ml of 1 F NH«OH solution? (A'$p for AgBr = 
5 X 10" ,J .) 

23-9. Write the chemical equation for the solution of platinum in aqua regia. Explair 
why platinum dissolves in aqua regia but not in either hydrochloric acid or 
nitric acid alone. 

23-10. Would sodium cyanide be an effective and satisfactory substitute for sodium 
thiosulfate as a fixer? Sec Table 23-2 for data. 



Exercises *°' 

23-11. Perchlorate ion is generally found to be the weakest complexing reagent of the 
common anions. Which solution will be more acidic, 0.1 F Zn(C10 4 )i or 0.1 F 
Zn’Clj? 

23-12. How many structural isomers of the octahedral complex Co(NHj) a CU are there? 

23-13. How many isomers of the tetrahedral complex Zn(NH 3 )jCl 2 are there? of the 
planar, square complex Pt(NH*)jCli? 

23-14. If each CO molecule donates two electrons to the rickel atom in Ni(CO)«, 
what is the electron configuration of the nickel atom in this molecule? Predict 
the probable formula for iron carbonyl, remembering that the atomic number 
of iron is 2 less than that of nickel. 

23-15. What concentration of NH, is there in a solution that is 1 F in NH«C1? Is much 
Hg(NH,),~ formed when 1 F NH*C1 is added to an Hg~ solution? 



Chapter 24 


The Nature of 
Metals and Alloys 


24—1. The Metallic Elements 


About seventy-four of the ninety-eight elementary substances are metals. 
A metal may be defined as a substance which has large conductivity of 
electricity and of heat, has a characteristic luster, called metallic luster, 
and can be hammered into sheets (is malleable) and drawn into wire 
(is ductile); in addition, the electric conductivity increases with decrease 
in temperature.* 

The metallic elements may be taken to include lithium and beryllium 
in the first short period of the periodic table, sodium, magnesium, and 
aluminum in the second short period, the thirteen elements from potas¬ 
sium to gallium in the first long period, the fifteen from rubidium to 
antimony in the second long period, the twenty-nine from cesium to 
bismuth in the first very long period (including the fourteen rare-earth 
metals), and the twelve from francium to californium. The metallic 
elements thus comprise three-quarters of all the elements, and many of 
their compounds have important uses. 

The metals themselves and their alloys are of great usefulness to 
man, because of the properties characteristic of metals. Our modern 


Sometimes there is difficulty in classifying an element as a metal, a metalloid, or a non- 
metal. f or example, the element tin can exist in two forms, one of which, the common form, 
called white trn, is metallic, whereas the other, gray tin. has the properties of a metalloid. 
I he next element , n the periodic table, antimony, exists in only one crystalline form, with the 
electric and thermal properties of a metal, and with metallic luster, but very brittle, rather 
than malleable and ductile. We shall consider both tin and antimony to be metals, although 
antimony is sometimes classed with the metalloids. 




24 — 2 . The Structure of Metals 

a non-metal or metalloid the number of atoms that each atom 
nearest nciehbors is determined by its valence. For example. 


G. 24-1 The hexagonal close-packer! arrangement o] spheres. St any 
metals crystallite with this structure. 

n which is univalent, has only one other iodine atom close to it 
tal of iodine: the crystal, like liquid iodine and .od.ne vapor .s 
d of diatomic molecules. In a crystal of sulfur there S. 

which each sulfur atom has two nearest n «6 hbo "* l ° e ^ h ° f 
hv one of its two valence bonds. In diamond the 
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quadrivalent carbon atom has four nearest neighbors. On the other 
hand, the univalent potassium atom in potassium metal, the, bivalent 
calcium atom in calcium metal, and the quadrivalent titanium atom in 
titanium metal do not have only one, two, and four nearest neighbors, 
respectively, but have, instead, eight or twelve nearest neighbors. We 
may state that one of the characteristic features of a metal is that each 
atom has a large number of neighbors; the number of small interatomic 
distances is greater than the number of valence bonds. 

Most metals crystallize with an atomic arrangement in which each 
atom has surrounded itself with the maximum number of atoms that is 
geometrically possible. There are two common metallic structures that 
correspond to the closest possible packing of spheres of constant size. 
One of these structures, called the cubic closest-packed structure, has 
been described in Chapter 2. The other structure, called hexagonal 
closest packing, is represented in Figure 24-1. It is closely similar to the 
cubic closest-packed structure; each atom is surrounded by twelve equi¬ 
distant neighbors, with, however, the arrangement of these neighbors 
slightly different from that in cubic closest packing. About fifty of the 
seventy-four metals have the cubic closest-packed structure or the hex¬ 
agonal closest-packed structure, or both. 

Another common structure, assumed by about twenty metals, is the 
body-centered cubic structure. This structure, shown as Figure 24-2, is 
based upon a cubic unit of structure containing two atoms, one with 
the coordinates 0, 0, 0 and the other with the coordinates 1/2, 1/2, 1/2. 
Each atom has eight nearest neighbors, at the distance V3 flo/2, and six 
next-nearest neighbors, at the distance a 0 . These six next-nearest neigh¬ 
bors arc thus 15% more distant than the eight nearest neighbors; in 



FIG. 24-2 

The atomic arrangement in a-iron ( body- 
centered arrangement), 
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discussing the structure it is difficult to decide whether to describe each 

Tin is the only element that crystallizes with this structure. 



FIG 24.3 The crystal structure of white tin. Each atom i, surrounded by six 
neighbors, at the corners oj a d,started octahedron. 

The periodicity of properties of the 

number, is well illustrated y t e ° * 24 . 4 . These values are half of 

tances in the metals, as shown in Figurei. ^ ^ mc(als with a 

the directly determined intcratomi ckc d structure. For other 

cubic closest-packed or f* ag °" d i, has been observed, for ex- 

metals a small = t,on has b~n ^ ^ in a 

r^rn whh a - 

^b 0 r«n^ C ,r?^ «Han in the former, and 
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accordingly a correction of 3% can be made for body-centered cubic 
structures, to convert the interatomic distances over to ligancy 12. 

We may well expect that the strongest bonds would have the shortest 
interatomic distances, and it is accordingly not surprising that the large 
interatomic distances shown in Figure 24-4 are those for soft metals, 
such as potassium; the smallest ones, for chromium, iron, nickel, etc., 
refer to the hard, strong metals. 

Let us consider the first six metals of the first long period, potassium, 
calcium, scandium, titanium, vanadium, and chromium. The first of 
these metals, potassium, is a soft, light metal with low melting point. 
The second metal, calcium, is much harder and denser, and has a much 



FIG. 2 4-4 The atomic radii of metals , plotted against atomic number. 

higher melting point. Similarly, the third metal, scandium, is still 
harder, still denser, and melts at a still higher temperature; and this 
change in properties continues through titanium, vanadium, and chro¬ 
mium. The successive changes in properties may be correlated with the 
decrease in interatomic distance from potassium to chromium. The de¬ 
crease in interatomic distance may be illustrated in another way by 
calculating a quantity called the ideal density, equal to 50/(gram-atomic 
volume). This ideal density, which is inversely proportional to the gram- 
atomic volume of the metal, is the density that these six metals would 
have if they all had the same atomic weight, 50, and crystallized in the 
closest-packed structure, with the interatomic distances represented in 
Figure 24-4. We see from Figure 24-5 that the ideal density increases 
steadily from its minimum value of about 1 for potassium to a value of 
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about 7 for chromium, and many other properties of the metals, includ¬ 
ing hardness and tensile strength, show a similar steady increase through 

this series of six metals. . 

There is a very simple explanation of this change in properties in 
terms of the electronic structure of the metals. The potassium atom has 
only one electron outside of its completed argon shell. It could use this 
electron to form a single covalent bond with another potassium atom, 



FIG 24-5 A graph of the ideal density oj the metals of the first long period. 
The ideal density ,s defined here as the density that these metals would have in 
case that their atomic weight was equal to 50. 


as in the diatomic molecules K, that are present, together with mon¬ 
atomic molecules K, in potassium vapor. In the crystal of metallic 
potassium each potassium atom has a number of neighboring atoms at 
the same distance. It is held to these neighbors by its single covalent 
bond, which resonates among the neighbors. Thus the bond between 
each potassium atom and each of its nearest neighbors is a fraction of a 
single bond; the potassium atom, which is able to form only one single 
bond, docs not concentrate this bond onto a single neighbor, as does 
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the iodine atom in the molecule I 2 , but instead permits its one valence 
bond to resonate about among all of its nearest neighbors. 

In metallic calcium there are two valence electrons per calcium atom, 
permitting each atom to form two bonds with its neighbors. These two 
bonds resonate among the calcium-calcium positions, giving a total 
bonding power in the metal twice as great as that in potassium. The 
increase in valence from one for potassium to two for calcium accord¬ 
ingly explains the decrease in interatomic distance, the increase in 
density, the increase in hardness, and the increase in melting point. 

Similarly, in scandium, with three valence electrons, the bonding is 
three times as strong as in potassium, and so on to chromium, where, 
with six valence electrons, the bonding is six times as strong. The in¬ 
crease in strength of the bonds from scandium to chromium is reflected 
by increase in hardness, strength, melting point, and other properties. 

This increase docs not continue in the same way beyond chromium. 
Instead, the strength, hardness, and other properties of the transition 
metals remain essentially constant for the five elements chromium, man¬ 
ganese, iron, cobalt, and nickel, as is indicated by the small change in 
ideal density in Figure 24-5. (The low value for manganese is due to 
the unusual crystal structure of this metal, shown by no other element.) 

Metallic Valence. It is reasonable to conclude from the discussion given above of 
the properties of the elements in the sequence from potassium to chromium that these 
metals use all of their electrons outside of the argon shell, of eighteen electrons, to form 
metallic bonds. If we define the metallic valence as the number of electrons involved 
in forming bonds in a metal, then the metallic valence has the value 1 for potassium, 
2 for calcium, 3 for scandium, 4 for titanium, 5 for vanadium, and 6 for chromium. 

We may interpret the change in the curve of Figure 24-5 at chromium as resulting 
from the retention of the maximum value 6 for the metallic valence through the series 
from chromium to nickel. It is interesting that the metallic valence of chromium, 6, 
corresponds to the oxidation number +6 that is characteristic of the chromates and 
dichromates, rather than to the lower oxidation number +3 shown in the chromic salts, 
and that the metals manganese, iron, cobalt, and nickel also have the metallic valence 6, 
although nearly all of their compounds represent the oxidation state +2 or +3. The 
valuable physical properties of these metals are the result of their high metallic valence. 

rhe values of the metallic valence can be discussed by consideration of the available 
orbitals. For the outer electrons of these elements the available orbitals are the five 3(/or¬ 
bitals, the 4r orbital, and the three 4/» orbitals. These nine orbitals, when occupied by 
electron pairs, can hold eighteen electrons, which, with the eighteen electrons of the 
argon shell, make thirty-six, the electron number of krypton. Each of the nine orbitals 
may be occupied by an unshared electron pair, which docs not contribute to the bond¬ 
ing, or by a bonding electron, or, in the case of the ferromagnetic metals, by a non¬ 
bonding magnetic electron. However, the nine orbitals in the metal are not all available 
lor this purpose. The properties of a metal indicate that the valence bonds in the metal 
resonate among the different positions in an unsynchronized manner. For example, we 
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FIG. 24-6 

ST^St'SSfK^- CSUr >•- p~—'-" *- — 

“ strst"jr. -s ^'^r,rrtrri 

and «... 1,, .»» ““t i »bl..L 

sublc orbitals, of which one,>owcvcr, dis.ribo.ing its eleven ou.er electron. 

We may discuss the valence of th pp orbilals. we have 

among .he eigh. orbitals. If we place- one £££orbital, which are then oc¬ 
tree left over. These may be introduced„, c The other 

five'orb^tab'oontahl^nVvalencc^elcctron apiece Accordingly, the metallic valence of 
copper is indicated by these considerations to be five. d . _ a 

assumptions d,at there - —^e“e cannot be greater 

KwAS-u- of the metallic valence in the science from pouts- 

siura to germanium: ~ 

K Ca Sc Ti V Cr M. F« Co Ni Cu Zn Oa Gc 

1234566666543 

, c m \ f«*r noi .ssiuin to 6 for chromium, remaining 
The change in metallic valence .o lo 2 fur germanium, accounts in a 

constant at 6 through nickel, , through this sequence of elements. 

hence be able to deform itself ... 

breaking. a inrt , in suc k a way that the ions are moved 

If a crystal of sodium chloride is c lhcn ions become adjacent 

about one ionic diameter relative o • r< . pu lsion of the ions of like 

to sodium ions and chloride ions to » owcvcr. the atoms are all of the 

sign causes the crystal to breah m-P-^^ atom. Moreover, the valence 

83 me kind, and any atom can ilion lo another in the crystal, can still for... 

bonds, whit* resonate P ‘ , is dcform ed. and accordingly a crystal 

between neighboring atoms even u me e.y 
of a metal remains strong during deformation. 
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The way in which a crystal of a metal changes its shape is by slip along glide planes . 
For example, the metal zinc has the hexagonal closest-packed structure indicated in 
Figure 24-1. The distance between the hexagonal layers of atoms is somewhat larger than 
for ideal closest packing—the distance between neighboring zinc atoms in the same 
hexagonal layer is 2.66 A, whereas that between atoms in adjacent layers is 2.91 A. 
Accordingly, we might expect it to be easy for a hexagonal layer to slip over another 
nexagonal layer. If a single crystal of zinc is made in the form of a round wire, with 
the hexagonal layers at an angle, as shown in the upper part of Figure 24-7, and the 
ends of the wire are pulled, the wire stretches out into a ribbon, through slip along the 
hexagonal planes, as illustrated on the right side of Figure 24-7. Photomicrographs of 
a metal that has been subjected to strain often show traces of these glide planes. 

The slip along a glide plane does not occur by the simultaneous motion of a whole 
layer of atoms relative to an adjacent layer. Instead, the atoms move one at a time. 
There is a flaw in the structure, where an atom is missing. The atom to one side of this 
flaw (which is called a dislocation) moves to occupy the space, and leaves a space where 
It was; that is, the dislocation moves in the opposite direction to the atom. When the 
dislocation has moved all the way across the crystal grain, the whole row of atoms has 
moved, and the lower part of the crystal has slipped one atomic diameter in the direction 
of the strain. 

It is found by experiment that a small amount of impurity in a metal may make it 
brittle. For example, copper containing sulfur or arsenic is brittle, rather than malleable 
and ductile. One way in which the foreign atoms may produce brittleness is by inter¬ 
fering with the motion of dislocations through the crystal; when the dislocation reaches 
a sulfur atom or other foreign atom in the copper crystal it may be stopped, and the 
slip may thus be prevented from continuing. 



u 


FIG. 24-7 

The deformation of a rod of zinc into a rib¬ 
bon, through slip along glide planes . 
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Similarly, if a piece of copper is hammered until the large crystal grains are broken 
up into small crystal grains, the crystal boundaries may interfere with slip by stopping 
the motion of the dislocations. Presumably this is the mechanism of the hardening of 
copper and other metals by cold work (by hammering them or otherwise working them 


Pure aluminum is a soft, malleable, and ductile metal. For some purposes an alloy 
of aluminum that is stronger, tougher, and less ductile is needed. Aluminum alloys of 
this sort can be made by incorporating small amounts of other metals, such as copper 
and magnesium. An alloy containing about 4% copper and 0.5/c magnesium may 
strengthen the aluminum through the formation of hard, brittle crystals of die inter- 
metallic compound MgCu,. These minute crystals, interspersed through the crystals 
of aluminum, can serve to key the glide planes of alum.num so efTecttvely as to improve 
the mechanical properties of the alloy significantly over those of the pure metal. 


24-3. Metallurgy—the Winning and Refining of Metals 

Metals are obtained from ores. An ore is a mineral or natural material 
that may be profitably treated for the extraction of one or more metals. 
The process of extracting a metal from the ore is called winning he 
metal. Refining is the purification of the metal that has been ex * r “ 
from the ore. Metallurgy is the science and art of winning and rcfinm 0 

metals, and preparing them for use. , Th 

Many different kinds of processes arc used for winning metals. The 
simplest processes arc those used to obtain the metals; which occur in 
nature in the elementary state. Thus nuggets of gold and of the platinum 
metals may be picked up by hand, in some deposits, or may be separated 
by a hydraulic process, when the nuggets occur mixed with lighter 

materials in a placer deposit.* , . . 

A quartz vein containing native gold distributed through it may be 
treated by pulverizing the quartz in a stamp mill, and then treating the 
pulverized material with mercury. The go d dissolves m the me^ury, 
which is easily separated from the quartz because of its great dewuty, 
and the gold can be recovered from the amalgam (the solution 
mercury) by distilling off the mercury, leaving a residue of go ' • 

The chemical process usually involved in the winning of metab is 
. reduction of a compound of the metal, the ore, to the free metah The 
principal reducing agent that is used is carbon often ,n the form of 
coke. An example is the reduction of tin diox.de, S^-Withcarbon 
described below; another example is the reduction of iron oxide with 
coke, in a blast furnace, described in the following chapter. Occas.on- 

• A placer deposit is a glacial deposi, or alluvial deposit, as ol sand or gravel, containing 
gold or other valuable material. 
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ally other reducing agents than carbon are used; thus antimony is won 
from stibnite, Sb-Ss, by heating it with iron: 

Sb 2 S 3 + 3Fc —3FcS + 2Sb 

The strongly electropositive metals, such as the alkali metals, the 
alkaline-earth metals, and aluminum, are obtained from the ores by 
electrolysis, as described in Chapter 13. 

Some metals, such as titanium and the rare-earth metals, are obtained 
by reduction of their oxides by a more active metal. The alkali metals, 
calcium, and aluminum are used as reducing agents for this purpose 
(sec the discussion of the aluminothermic method of preparing metals, 
in the chapter on chromium and manganese, Chap. 25). 

The principal methods of winning representative metals from their 
ores arc described in the following sections. 

The impure metals that are obtained from the ores are purified in 
various ways. Distillation is used for mercury, and sublimation for tin, 
antimony, mercury, cadmium, and zinc. The'electrolytic refining of cop¬ 
per has been described in Chapter 13. An unusual method of refining a 
metal is used in the Mond process for nickel (Sec. 23-8). 

The Metallurgy of Copper. The principal ores of copper are native 
cop/ter, Cu; cuprite , Cu 2 0; chalcocite, Cu 2 S; chalcopyrite , CuFeS*; malachite , 
Cu 2 C0 3 (0H) 2 ; and azurite, Cu 3 (C0 3 )*(0H) 2 . 

An ore containing native copper may be treated by grinding and then 
washing away the gangue (the associated rock or earthy material), and 
melting and casting the copper. Oxide and carbonate ores may be 
leached with dilute sulfuric acid, to produce a cupric solution from 
which the copper can be deposited by electrolysis (Chap. 13). High- 
grade, oxide and carbonate ores may be reduced by heating the ores 
with coke mixed with a suitable flux. (A flux is a material, such as lime¬ 
stone, which combines with the silicate minerals of the gangue to form 
a slag which is liquid at the temperature of the furnace, and can be 
easily separated from the metals.) 

The most important ores of copper arc sulfide ores, which are smelted 
by a complex process. Low-grade ores arc first concentrated, by a process 
such as flotation. The finely ground ore is treated with a mixture of water 
and a suitable oil. The oil wets the sulfide minerals, and the water wets 
the silicate minerals of the gangue. Air is then blown through to produce 
a froth, which contains the oil and the sulfide minerals. Concentration 
is effected by skimming off the froth. 

1 he concentrate or the rich sulfide ore is then roasted in a furnace 
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through which air is passing. This removes some of the sulfur as sulfur 
dioxide, and leaves a mixture of Cu 2 S, FeO, SiO„ and other substances. 
The roasted ore is then mixed with limestone, to serve as a flux, and is 
heated in a furnace. The iron oxide and silica combine with the lime¬ 
stone to form a slag, and the cuprous sulfide melts and can be drawn off. 
This impure cuprous sulfide is called mailt. It is then reduced by blowing 
air through the molten material: 

Cu 2 S + 0 2 —*■ SO* t + 2Cu 

Some copper oxide is also formed by the blast of air, and this is reduced 
by stirring the molten metal with poles of green wood. The copper 
obtained in this way has a characteristic appearance, and is called blister 
copper. It contains about 1% iron. gold, silver, and other impurities, 
and is usually refined electrolytically, as described in Chapter 13. 


The Metallurgy of Silver. The principal ores of silver are native 
silver, Ag; argenlile, Ag,S; and cerargyrile or torti-r./^ AgCL The cyanide 
process of winning the metal from these ores is widely used. I h' P ' 
involves treating the crushed ore with a solution of 
NaCN, for about two weeks, with thorough acral.on to oxidize the native 
silver. The reactions producing the soluble complex ion A g(CN). hav 
been given in Sec. 23-3. The silver is then obtained from the solution 

by reduction with metallic zinc: 

Zn + 2Ag(CNV —► 2Ag | 4- Zn(CN)“ 

The amalgamation process is used for native silver The ore is treated 
with mercury, which dissolves the silver. The liquid amalgam» »• ™ 
separated from the gangue and dis.illcd, the mercury collecting in 
receiver and the silver remaining in the retort. . 

Silver is obtained as a by-product in the refining of™ ‘X 
The sludge from the electrolytic refining of copper may be ■ “' V 
simple chemical methods to obtain i.s content of silver and go b The 
small amount of silver in lead is obtained by an '"gen ous me hod. the 
Parkes process. This involves stirring a smal amoun (about o) of 
zinc into the molten lead. Liquid zinc is insoluble in ^ 

the solubility of silver in liquid zinc is about 3.000 tunes as great as in 
liquid lead Hence the partition constant between - ' ' < ; 

(Chap. 16) is 3,000, and accordingly most of the silver ‘ s m^die 

zinc. The zinc-silver phase comes to the top. soh< mu 's 
cools' and is lif.ed off. The zinc can then be d,sidled away, having .he 
silver. Gold present in the lead is also obi.lined by Hus p.oi.ss. 
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The Metallurgy of Gold. Gold is obtained from its ores, such as 
gold-bearing quartz, by pulverizing the ore and washing it over plates 
of copper coated with a layer of amalgam. The gold dissolves in the 
amalgam, which is then scraped off and separated by distillation. The 
tailings (ore after the first process) may then be treated with cyanide 
solution, and the gold be won from the cyanide solution by electrolysis 
or treatment with zinc: 

4Au + 8 CN- + 0 2 + 2H,0 —4Au(GN),“ + 40H" 

2Au(CN) 2 " + Zn —►* 2Au4 + Zn(CN) 4 “ 

The Metallurgy of Zinc. The principal ore of zinc is sphalerite or 
zincblende, ZnS. Less important ores include zincite, ZnO; smithsonite y 
ZnCO»; willemite, Zn 2 Si0 4 ; calamine , Zn 2 SiOa(OH) 2 ; and jrankl\nite y 
Fe 2 Zn0 4 . 

Many ores of zinc are concentrated by flotation before smelting. 
Sulfide ores and carbonate ores are then converted to oxide by roasting: 

2ZnS + 30 2 —2ZnO + 2SO, f 
ZnCOa —ZnO + CO, f 

The zinc oxide is mixed with carbon and heated in a fire-clay retort to 
a temperature high enough to vaporize the zinc: 

ZnO + C —► Zn f + CO f 

The zinc vapor is condensed in fire-clay receivers. At first the zinc is 
condensed in the cool condenser as a fine powder, called zinc dust , which 
contains some zinc oxide. After the receiver becomes hot the vapor 
condenses to a liquid, which is cast in ingots called spelter. Spelter con¬ 
tains small amounts of cadmium, iron, lead, and arsenic. It can be 
purified by careful redistillation. 

The zinc oxide can also be reduced by electrolysis. It is dissolved in 
sulfuric acid, and electrolyzed with aluminum sheets as cathodes. The 
deposited zinc, which is about 99.95% pure, is stripped off the cathodes, 
melted, and cast into ingots, for use where pure zinc is needed, as in the 
production of brass. The sulfuric acid is regenerated in the process, as 
is seen from the reactions: 

Solution of zinc oxide: ZnO + 2H + —*- Zn ++ + H 2 0 
Cathode reaction: Zn 4 * + 2e~ —► Zn \ 

Anode reaction: H 2 0 —*- J0 2 f + 2H 4 -f* 2e~ ^ 

Over-all reaction: ZnO —►* Zn \ + J0 2 f 
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The Metallurgy of Cadmium. The principal ore of cadmium is 
ereenockite CdS. Cadmium occurs to the amount of about 1% in many 
Eor£and it is obtained mainly as a by-product in the siting and 
refining of zinc. Cadmium is more volatile than zinc, and in the reduc¬ 
tion of zinc oxide containing cadmium oxide it is concentrated in the 
first portions of dust collected in the receivers. 

The Metallurgy of Mercury. Mercury occurs in nature as the native 

me^n smalfglobu.es of pure mercury and as crystalline 

earn Its most important ore is the red mineral ennabar, HgS. Cinnabar 

densing the mercury vapor in a receiver. 

HgS + O, —Hg t + SO, t 

jtr srz'zzmz —i -—— 

metals. 

r»-Sjt-su r h r,“^ 

(sulfates) which arc rem > 6 reverberatory furnace (a 

is then mixed with from above-see Chap. 26). 

s° me -i»»*>’■ 

The Metallurgy - Lead. The ^ 

PbS + 2PbO —*- 3Pb + so, t 
PbS + PbSO. —- 2Pb + 2SO, t 


5Q4 The Nature of Metals and Alloys [Chap. 24) 

Some lead is also made by heating galena with scrap iron: 

PbS + Fe —Pb + FeS * 

Silver is often removed from lead by the Parkes process, described 
above. Some pure lead is made by electrolytic refining. 


24-4. The Nature of Alloys 

An alloy is a metallic material containing two or more dementt. It may 
be homogeneous, consisting of a single phase, or heterogeneous can- 
sUting of § a mixture of phases. An example of a homogeneous alloy ts 
coinage silver. An ordinary sample of coinage silver consults of smaU 
crystal grains, each of which is a solid solution of copper and aher,_ with 

structure of the sort represented in Figure 4-5. A '‘°' hcr e! ^" 1 P 
alloy obtained by melting together magnesium and tin in the ratiocor 
responding to the formula Mg,Sn. This alloy consists of cry^ graim 
of The intermetallic compound Mg,Sn. Often, however, alloys contain two 

phases, and sometimes more. . , 

A discussion of the structure of some alloys will be given in Intersec¬ 
tions of this chapter and in the following chapters. The dl “° n 
based upon a general principle which has been found to have great 
value in this field, as well as in other fields of chcmisoy. This principl 
is the phase rule, which we have discussed in Chapter 20. It is stated 
that it was discovered by J. Willard Gibbs that for <very system m 
equilibrium the sum of the number of phases and the var.ance is 2 greate 
than the number of components : 

number of phases + variance = number of components + 2 

or, using the abbreviations P , V, C: 

P + V =C + 2 

We may mention again that the number of phases in the system is the 
number of kinds of materials present, separated from one another by 
physical boundaries; the number of components is the "timber of diffe - 
ent' substances required to reproduce the system; and the var.ance is 
the number of independent ways in which the system can be varied 
including varying the temperature and the pressure, and also vary, g 
the composition of any solutions (gaseous, liquid, or crystalline) which 
exist as phases in the system. 

As a first application of the phase rule, we may ask ourselves what 
the maximum number of phases is that can be in equilibrium with one 
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another, at the arbitrary pressure 1 atm, if the alloy is a binary alloy 

composed of two metallic elements. To answer the quest.on we may 

rewrite the phase rule as 

P = C+2 - V 

The number of components is 2, for the binary ahoy. The variance 

ssr r i 

- T T £ 

chosen under ^hese circumstances. If wc ask how many phases can be 

following sections. 

-s-s-ss ir;r ■ x 

.o •»' P— * %£%£££%££ b, .h. rrfon 

The range of temperatures P which a sing lc phase is present, 

above the lines AD and »C ,s a r 8 xhe rcgion includcd ln 

the liquid P ha ! i C l ConS,S,,n f ° w _ hascs a liquid phase and a solid phase 
the triangle ADB re P»« e " X hc ,; ianglc B EC similarly represents 

consisting of crystals of a liquid and crystalline lead, 

a two-phase region, the two p a 8 consists of the two phases 

- -v —. —. - 

the line ABC. Here we h V (ha[ , hc var i anc c should be 3. 

region, one phase; the p a stcm which may be varied in this 

The three quantities desent 8 ^ - n ^ diagra m as 1 atm, but 

region are the P resSurC ^ m ture , which may be varied through 
SK£e° f pSSSt boundaries of the region, and the composition 
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of the molten alloy, which may similarly be varied through the range 
of compositions permitted by the boundaries of the region. 

An alloy in the region ADB, such as that represented by the point P, 
at 35 atomic percent lead and 400° C, lies in a two-phase region, and 
the variance is accordingly stated by the phase rule to be 2. The pressure 
and the temperature are the two variables; the phase rule hence states 
that it is not possible to vary the composition of the phases present in 



FIG. 24-8 Phase diagram Jot the binary system arsenic-lead. 

the alloy. The phases are crystalline arsenic, represented by the point F 
directly to the left of P , and the molten alloy, with the composition F' 
directly to the right of P. The composition of the molten alloy in equi¬ 
librium with crystalline arsenic at 400° C and 1 atm pressure is definitely 
fixed at P"; it cannot be varied. 

The only conditions under which three phases can be in equilibrium 
with one another at the arbitrary pressure 1 atm are represented by the 
point B. With three phases in equilibrium with one another for this 
two-componcnt system, the phase rule requires that there be only one 
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arbitrary variable, which we have used in fixing the pressure arbitrarily 
at 1 atm. Correspondingly we see that the composition of the liquid is 
fixed at that represented by the point B, 93 atomic percent lead, and 
the composition of the two solid phases is fixed, these phases being pure 
arsenic and pure lead. The temperature is also fixed, at the value 290 C, 
corresponding to the point B. This point is called the eutect.c po.nl, and 
the corresponding alloy is called the eutectic alloy, or simply the eutectic. 
The word “eutectic” means melting easily; the eutectic has a sharp 
melting point. When a liquid alloy with the eutectic composition is 
cooled, it crystallizes completely on reaching the temperature 290 , 
forming a mixture of very small grains of pure arsenic and pure lead, 
with a fine texture. When this alloy is slowly heated, it melts sharply at 


the temperature 290°. _ 

The lines in the phase diagram are the boundaries separating a 

region in which one group of phases are present from a region in which 
another group of phases are present. These boundary lines can be lo¬ 
cated by various experimental methods, including the measurement of 
the temperature at which transitions occur from one phase to another. 
If a crucible filled with pure arsenic is heated to a temperature above 
the melting point of the arsenic, 817° C, and the system is then allowed 
to cool, it would be noted, by means of a thermometer or thermocouple 
in the molten arsenic, that the temperature decreases readily with time 
until the value 817° C is reached, and then remams con .am a^ that 
value for several minutes, while the arsenic .s freezing. After all of he 
molten arsenic has frozen, the temperature will again decrease stead y 
until room temperature is reached. If, however, a mixture of 35 atomic 

percent lead and 65 atomic percent tmcwhlt 

allov with this composition, and this melt is uiiowcu v. , 
different behavior is observed. The cooling will proceed uniformly until 
dinerent Dena reached. At this temperature the rate 

^^rea 9 s°ed C Jmewhat, because arsenic will begin to 
crystallize out of the melt, and the energy of 

bv the arsenic will help to keep the system warm. The reason that he 

elusion of molten arsenic by comp0 si.ion of the melt changes, 

crystallize out of the molten alloy, v mQrc arscnic to crys ,allizc 

r. ‘tZzzsz v. —«-*■» -"■ ii •*“ 
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reaches the eutectic temperature, 290° C, and the composition <rf tile 
melt reaches the eutectic value, represented by point B. When this state 
is reached, the temperature of the crystallizing alloy stays constant until 
the eutectic melt has completely crystallized into a fine-grained mixture 
of crystalline arsenic and crystalline lead. The solid alloy then consists 
of large primary crystals of arsenic embedded in a fine-grained eutectic 

mixture of arsenic crystals and lead crystals. 

If a molten alloy of arsenic and lead with the eutectic composition 
is cooled, the temperature drops at a regular rate until the eutectic 
temperature, 290° C, is reached, the liquid then crystallizes into the 
solid eutectic alloy, the temperature remaining constant until crystal¬ 
lization is complete. The cooling curves obtained for the eutectic com¬ 
position are accordingly similar to those of the pure metal. The eutecuc 
has a constant melting point, just as has either one of the pure elementary 

substances. „ , . 

The effect of the phenomenon of depression of the freezing point in 

causing the eutectic melting point to be lower than the melting point 
of the pure metals can be intensified by the use of additional components. 
Thus an alloy with eutectic melting point 70° C can be made by melting 
together 50 weight percent bismuth (m.p. 271° C), 27% lead (m-P- 
327.5° C), 13% tin (m.p. 232° C), and 10% cadmium (m.p. 321 C), 
and the melting point can be reduced still further, to 47° C, by the in¬ 
corporation in this alloy of 18% of its weight of indium (m.p. 155 C). 

It is now possible, in terms of this phase diagram, to discuss a phe¬ 
nomenon mentioned in Chapter 18. It was stated there that a small 
amount, about 0.5% by weight, of arsenic is added to lead used to 
make lead shot, in order to increase the hardness of the shot and also 
to improve the properties of the molten material. Lead shot is made by 
dripping the molten alloy through a sieve. The fine droplets freeze dur¬ 
ing their passage through the air, and are caught in a tank of water 
after they have solidified. If pure lead were used, the falling^drops 
would solidify rather suddenly on reaching the temperature 327° C. A 
falling drop tends not to be perfectly spherical, but to oscillate between 
prolate and oblate ellipsoidal shapes, as you may have noticed by ob¬ 
serving drops of water dripping from a faucet; and hence the shot made 
of pure lead might be expected not to be perfectly spherical in shape. 
But the alloy containing 0.5% arsenic by weight, represented by^thc 
arrow 5, would begin to freeze on reaching the temperature 320 C, 
and would continue to freeze, forming small crystals of pure lead, until 
the eutectic temperature 290° C is reached. During this stage of its 
history the drop would consist of a sludge of lead crystals in the molten 
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alloy, and this sluggish sludge would be expected to be drawn into good 
spherical shape by the action of the surface-tension forces of the liquid. 

The Binary System Lead-Tin. The phase diagram for the lead-tin 
system of alloys is shown as Figure 24-9. This system rather closely 
resembles the system arsenic-lead, except for the fact that there is an 
appreciable solubility of tin in crystalline lead and a small solubility 
of lead in crystalline tin. The phase designated a (alpha) is a solid 
solution of tin in lead, the solubility being 19.5 weight percent at the 



FIG. 24-9 Phast diagram jot the binary sysUm Irad-tin. 

eutectic temperature and dropping to 2% a, room ten.pera«tre. The 
phase 0 (beta) is a solid solution of lead in tin, the so.u. li.y being 

about 2% a, the eutectic temperature and extreme'y sma. at com 

temperature. The eutectic composition is about 62 weight percent , 

i, *-« r,"— 

ing to ordinary plumbers’ solder and to ha an i < ( 

erties of solder are explained by the phase diagram. solder cools 

of solder is that i, permits a wiped join, to be made. .As h~ ld ‘ r 
it forms a sludge of crystals of the a phase- in the liquidi alloys 
mechanical properties of this sludge are such as to perm.. to be handled 
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by the plumber in an effective way. The sludge corresponds to transi¬ 
tion through the region of the phase diagram in which liquid and the 
a phase are present together. For plumbers’ solder the temperature 
range involved is about 70°, from 250° G to 183° C, the eutectic tem¬ 
perature. 

The Binary System Silver-Gold. The metals silver and gold are 
completely miscible with one another not only in the liquid state but 
also in the crystalline state. A solid alloy of silver and gold consists of 
a single phase, homogeneous crystals with the cubic closest-packed 

Atomic percent Au 



FIG. 24-10 Phase diagram for the binary system silver-gold , showing the forma¬ 
tion of a complete series of crystalline solutions. 

structure, described for copper in Chapter 2, with gold and silver atoms 
occupying the positions in this lattice essentially at random. The phase 
diagram shown as Figure 24-10 represents this situation. It is seen that 
the addition of a small amount of gold to pure silver does not depress 
the freezing point, in the normal way, but instead causes an increase 
in the temperature of crystallization. 

The alloys of silver and gold, usually containing some copper, are 
used in jewelry, in dentistry, and as a gold solder. 

The Binary System Silver-Strontium. A somewhat more complicated 
binary system, that formed by silver and strontium, is represented in 
Figure 24-11. It is seen that four intermetallic compounds are formed, 
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their formulas being Ag<Sr, Ag 5 Sr 3 , AgSr, and Ag,Sr 3 . These compounds 
and the pure elements form a scries of eutectics; for example, the alloy 
containing 25 weight percent strontium is the eutectic mixture of Ag 4 Sr 

and Ag 5 Sr 3 . , , . 

Some other binary systems are far more complicated than this one. 

As many as a dozen different phases may be present, and these phases 

may involve variation in composition, resulting from the formation ol 



.• / Ik , Ain/trv system silver-strontium, showing the 

FIG. 24-11 Phase diagram Jot the binary system 

formation of four inlermclallu compounds. 

solid soludons. Ternary .Hoy. (farmed from dr.ee 
alloys involving four or more componeni. are, of eourse, 

“-men ,0a, dre ^^5 

saying that the strontium atom use 
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bonds with the silver atoms which surround it, and that the silver atoms 
then use their remaining valence electrons in forming bonds with other 
silver atoms. Some progress has been made in developing a valence 
theory of the structure and properties of intermetallic compounds and 
of alloys in general, but this field of chemistry is still far from its final 
form. 


Exercises 

24-1. Discuss the metallic valence of the elements rubidium, strontium, and yttrium. 
What would you predict about change in hardness, density, strength, and 
melting point in this series of elements? 

24-2. Would you predict palladium to be more dense or less dense than silver? than 
cadmium? 

24-3. Describe the metallurgy of tin and of lead. Why cannot metallic tin be pre¬ 
pared by the same process that is used for metallic lead? 

24-4. What arc the principal ores of copper, silver, gold, zinc, tin, lead? 

24-5. Define alloy, intermetallic compound, phase, variance, eutectic, triple point, 
binary system. 

24-6. State the phase rule, and give an application of it. 

24-7. Cadmium (m.p. 321° C) and bismuth (ra.p. 271° C) do not form solid solutions 
nor compounds with one another. Their eutectic point lies at 61 weight percent 
bismuth and 146° C. Sketch their phase diagram, and label each region to show 
what phases are present. 

24-8. Describe the structure of the alloy that would be obtained by cooling a melt of 
silver containing 10 atomic percent strontium (sec Fig. 24-11). 


Chapter 25 


Chromium and 
Manganese, and 
Related Metals 


In this chapter and in the 

:hemistry of the transition meta Thcsc c i cmC nts and their 

region of the long periods of ,hc pc " Thcir chemical properties 

compounds have great practical importance. 

arc complex and interesting. nn d their congeners will 

The chemistry of chromium and ^ ^ clemcnts 

be discussed in the present chapter ^ as tell as the 

scandium, titanium, and 1 vana m , • palladium and platinum 

and 8cr - 

manium and their congeners in the following chapter. 


25-1. The Nature of the Transition Metals 

■ J__ 


ZD-l. 1 tie jvaiurc uj - 

. .* r .n he described as short periods 

rhe long periods of the periodic sys ^ ^ dements of the 

vith ten additional elements msc . . . t j u . metals potassium, 

ong period between argon congcnm of the preceding short 

:alcium, and scandium, resem resDCCtively. Similarly, the 

period, sodium, magnesium, ink. Senium, 

last three elements in the sequ , congeners, phosphorus, sulfur, 
and bromine, resemble xhcir prcc intervening ele- 

and chlorine, respectively. The first and the 
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mcnts, titanium (in group IVa) and germanium (in group IVb), are 
both similar in their properties to silicon, the second-period element in 
group IV. The remaining elements of the long period, vanadium, chro¬ 
mium, manganese, iron, cobalt, nickel, copper, zinc, and gallium, have 
no lighter congeners; they arc not similar in their properties to any 
lighter elements. 

The properties of these elements accordingly suggest that the long 
period can be described as involving the introduction of ten elements 
in the center of the series. The introduction of these elements is corre¬ 
lated with the insertion of ten additional electrons into the M shell 
(five electron pairs occupying the five 3 d orbitals), converting it from 
a shell of eight electrons, as in the argon atom, to a shell of eighteen 
electrons. It is convenient to describe the long period as involving ten 
transition metals , corresponding to the ten 3 d electrons. There is some 
arbitrariness about the selection of these ten elements, inasmuch as both 
titanium, in group IVa, and germanium, in IVb, are sufficiently similar 
to silicon to make it difficult to differentiate between them. We shall 
for convenience consider the ten elements from titanium, group IVa, 
to gallium, group Illb, as constituting the ten transition elements in 
the first long period, and shall take the heavier congeners of these ele¬ 
ments as the transition elements in the later scries. 

The chemical properties of the transition elements do not change so 
strikingly with change in atomic number as do those of the other ele¬ 
ments. In the scries potassium, calcium, scandium the normal salts of 
the elements correspond to the maximum oxidation numbers given by 
the positions of the elements in the periodic system: 1 for potassium, 
2 for calcium, and 3 for scandium; the sulfates, for example, of these 
elements are K 2 S0 4 , CaS0 4 , Sc 2 (S0 4 )3- The fourth element, titanium, 
tends to form salts representing the oxidation numbers lower than its 
maximum, 4; although compounds such as titanium dioxide, TiO-, and 
titanium tetrachloride, TiCl 4 , can be prepared, most of the compounds 
of titanium represent lower oxidation states, 4-2 or 4-3. I he same 
tendency is shown by the succeeding elements. The compounds of 
vanadium, chromium, and manganese representing the maximum oxi¬ 
dation numbers, 4-5, 4-6, and 4-7, respectively, arc strong oxidizing 
agents, and arc easily reduced to compounds in which these elements 
have oxidation number 4-2 or 4-3. The oxidation numbers 4-2 and 4*3 
continue to be the important ones for the succeeding elements, iron, 
cobalt, nickel, copper, and zinc. 

A striking characteristic of most of the compounds of the transition 
metals is their color . Nearly every compound formed by vanadium, 
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chromium, manganese, iron, cobalt, nickel, and copper is strongly col¬ 
ored, the color depending not only on the atomic number of the metallic 
element but also on its state of oxidation, and, to some extent, on the 
nature of the non-metallic element or acidic radical with which the 
metal is combined. It seems clear that the color of these compounds is 
associated with the presence of an incomplete M shell of electrons 
that is, with an M shell containing less than its maximum number of 
electrons, eighteen. When the M shell is completed, as in the compounds 
of bipositive zinc (ZnSO„ etc.) and of umpositivc copper (CuU, etc.), 
the substances are, in general, colorless. Another property character¬ 
istic of incompleted inner shells is paramagnetism, the properl> of a 
substance of being attracted into a strong magnetic field. Nearly all of 
the compounds of the transition elements in oxidation states correspond¬ 
ing to the presence of incompleted inner shells are strongly paramagnetic^ 
The winning and refining of some of the transition metals from ther 
ores have been discussed in the preceding chapter, as well as the nature 
of the metals and their alloys. 


25-2. Chromium 

The Oxidation States of Chromium. The principal oxidation states 
of chromium arc represented in the following diagram: 

chromium trioxidc 

-T- +6 CrOa, CrO,--, 0,0,” chromate ion 

' ~ dichromalc ion 


+ 3 Cr,0 3> Cr* 


• • 


{ 


+ 2 Cr 




chromic oxide 
chromic ion 

chromous ion 


metallic chromium 


T,„. JLZ «,d.Uon +6 

the element in the periodic tabic (i»ioup transition elc- 

positive ions are similar to the ions formed by the o.hc .ran* » on elc 
ments, such as the ferric ion, Fe+~, and ferrous ion. Fe . It is hkcly 
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th 2 t these ions are formed because the transition atoms contain a num¬ 
ber of electrons in the same shell (3 d ); two or three of these electrons 
can be easily removed by an oxidizing agent, but not more, because 
the attraction of a more highly charged ion for the electrons becomes 
too great. (The compounds of sexivalent chromium contain covalent 
bonds, which neutralize part of the positive charge of the chromium 
atom.) 

Ores of Chromium. The most important ore of chromium is chromite ,* 
FeCr 2 0 4 . The element was not known to the ancients, but was discov¬ 
ered in 1798 in lead chromate, PbCr0 4 , which occurs in nature as the 
mineral crocoite. 

Metallic Chromium. The metal can be prepared by reducing chro¬ 
mium trioxide with metallic aluminum. The two reactants in the form 
of fine powder are mixed, and the mixture is ignited. The heat liberated 
by the reaction is great enough to produce molten chromium: 

2A1 + Cr 2 0 3 —>■ Al 2 O a + 2Cr 

(The general method of producing a metal by reduction of its oxide by 
aluminum is called the aluminothermic process.) Metallic chromium is also 
made by electrolytic reduction of compounds, usually chromic acid in 
aqueous solution. 

Chromium is a silvery-white metal, with a bluish tinge. It is a very 
strong metal, with a high melting point, 1,830° C. Because of its high 
inciting point it resists erosion by the hot powder gases in big guns, the 
linings of which are accordingly sometimes plated with chromium. 

Although the metal is more electropositive than iron, it easily assumes 
a “passive” (unreactive) state, by becoming coated with a thin layer of 
oxide, which protects it against further chemical attack. This property 
and its pleasing color are the reasons for its use for plating iron and 
brass objects, such as plumbing fixtures. 

The alloys of chromium are very important, especially the ferrous 
alloys (alloy steels). The chromium steels arc very hard, tough, and 
strong. They are used for armor plate, projectiles, safes, etc. Ordinary 
stainless steel contains 14-18% chromium (and usually 8% nickel). 

The Chromates and Dichromates. Chromium in its highest oxidation 
state ( + 6) does not form a basic hydroxide, Cr(OH)*; the corresponding 

• Chromite is an oxide of bipositive iron and terpositive chromium (sometimes called 
a mixed oxide, although it is not a mixture). Its formula is sometimes written as FcO Cr.Oj. 
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[§ 25-2) Chromium 

VU PrO a red substance called chromium trioxide, has acid prop- 
ft delves in water to form a red solution of dichromic acid, 

H 2 O 2 O 7 : 


200, + H.O — H,0,0, =s=*= 2H+ + Cr.Or 


Thc rs t 

general usefulness for preparing sal*“" T he carbonate funcuons as a 
fusion with an alkaline hydroxi e or heated strongly. Potassium 

basic oxide by losing carbon d.o^de when^heat^ ««^ chrQmatc 

oxidizes the iron to ferric oxide. 

4FcCr.O. + 8K,CO, + 70, 2Fe,0, + 8K,CrO. + SCO, t 

Sometimes the oxidation reactitm U ^the a^^an^idi. 

can he dissolved 

in color, because of the formation of d.chromate .on, Cr, , • 


200,-' + 2H + 

yellow 


Cr*Oi “ + H 2 O 

oc»n*c-red 


The reaction can be reversed by the addition of a base: 


0,0,-" + 2 ° H 
oranK*-»«a 


200, + H,0 

yellow 


At an intermediate stage* both chromate ion and dichromate ion are 
present in the solution, in chemical equilibrium. 

• There U also presen, in .he solo,.on some hydrogen chroma.e ion. HCrO«~: 

H* + CrOr - +=* HCrOr 
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The chromate ion has a tetrahedral structure. The formation of 
dichromate ion involves the removal of one oxygen ion O (as water), 
by combination with two hydrogen ions, and its replacement by an 
oxygen atom of another chromate ion (see Fig. 25-1). 

Both chromates and dichromates are strong oxidizing agents, the 
chromium being easily reduced from +6 to -f- 3 in acid solution. Potas- 



FI G. 2 5-1 The reaction oj a hydrogen chromate ion, a chromate ion, and a 
hydronium ion to form a dichromate ion and water. 


sium dichromate, K 2 O 2 O 7 , is a beautifully crystallizablc, bright-red 
substance used considerably in chemistry and industry. A solution of 
this substance or of chromium trioxidc, Cr0 3 , in concentrated sulfuric 
acid is a very strong oxidizing agent which serves as a cleaning solu¬ 
tion for laboratory glassware. Large amounts of sodium dichromate, 
Na»Cr .0 7 -2H 2 0, are used in the tanning of hides, to produce “chrome- 
tanned'' leather. The chromium forms an insoluble compound with the 
leather protein. « 
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[§ 25-2] Chromium 

Lead chromate, PbCrO,, is a bright yellow,♦ practically insoluble 
substance which is used as a pigment (chrome yellow). 

Compounds of Terposidve Chromium. When 

mate (NH<) 2 Cr 2 0,, a red salt resembling potassium' d >chr°mate, 

ignited, it bums to form a green powder, chromic ox.de, Cr.O,. 

(NH,)jCriOj —*• N s t + 4H,0 t + Cr s O, 

This reaction involves the reduction of the dichromalc ion by ammonium 
ion. Chromic oxide is also made by heating sod.um d.chromate with 
sulfur, and leaching out the sodium sulfate with water: 

Na 2 Cr 2 0, + S—>-Na 2 SO, + Cr 2 O s 

It is a very stable substance, which is resistant to acids and has a very 
.. . mMtinfr noint It is used as a pigment (chrome green). 

Reduction a dichromate in aqueous solution produces chromic 
■ Cr 4 ~ l ' + or [Cr(H l O).r ++ , which has a v.olet colon The salts of 

this ion are similar in formula to those of aluminum. Chrome alum, 

“-I «* crystals, 

complex ions: 

(Cr(H 2 0),l +++ violet 
[Cr(H 2 0),Cll ++ green 
lCrXH 2 0)«a 2 ] + green 

In each of these complex ions there are six groups (water molecule or 

chloride as a pale, grayish-green, 

hydroxide or sodium hydroxide 
fSSTtta chromic solution. The precipitate di^m an excess of 
sodium hydroxide, forming the chrom.te on,on, Cr(OH), . 

Cr(OH), + OH- —*- Cr(OH)« - 

-i r i„d chromate arc red and the powdered substance is 

• The fact that large crystals of lea ^ ^ cxamp i c of a general principle. The color 

yellow is not an isolated ‘ ^ ab 50 rpt i 0 n of light of certain wavelength from 

of a material results from the P fial M uc h of the light from a large crystal has 

a beam of light passing through powder has been reflected from the surface, 

p»ed through the cry^. wh«eM th» < P° ^ ^ thM „ powdered sutatanee 
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Chromium and Manganese y and Related Metals [Chap. 25] 

Chromic ion can be oxidized to chromate ion or dichromatc ion by 
strong oxidizing agents, such as sodium peroxide in alkaline solution. 

Chromous Compounds. Chromic solutions arc reduced by zinc in 
acid solution or by other strong reducing agents to chromous ion , Cr ++ or 
[Cr(H 2 0)fl] ++ , which is blue in color. This solution and solid chromous 
salts are very strong reducing agents, and must be protected from the air. 

25 — 3 . The Congeners of Chromium 

The three heavier elements in group Via, molybdenum, tungsten, and 
uranium, have all found important special uses. 

Molybdenum. The principal ore of molybdenum is molybdenite , MoSs, 
which occurs especially in a great deposit near Climax, Colorado. This 
mineral forms shiny black plates, closely similar in appearance to 
graphite. 

Molybdenum metal is used to make filament supports in radio tubes 
and for other special uses. It is an important constituent of alloy steels. 

The chemistry of molybdenum is complicated. It forms compounds 
with oxidation numbers -f6, -f5, + 4, +3, and -f-2. Molybdenum 
trioxidc, M 0 O 3 , is a yellow-white substance made by roasting molyb¬ 
denite. It dissolves in alkalies to produce molybdates, such as ammonium 
molybdate, (NH«)<Mo y O S4 -4H s O. This reagent is used to precipitate 
orthophosphates, as the substance f.\M,) 3 PMo,-0 4l) - 18H.O. 

Tungsten Wolfram). Tungsten is a strong, heavy metal, with very 
hii;h melting point (3,3~0“ C'.). It has important uses, as filaments in 
clcctrii light bulbs, for electric contact points in spark plugs, as electron 
target* in X-ray tubes, and. in tungsten steel (which retains its hardness 
even when very hot), as cutting tools for high-speed machining. 

Hie principal ores of tungsten arc sehcelite , Ca\V0 4 , and wolframite , 
(Fc.MnjWO,.* 

Tungsten forms compounds in which it has oxidation number +6 
(tungstates, including the minerals mentioned above), +5. +4, +3, 
and + 2. Tungsten carbide. \VC. is a very hard compound which is 
used for the cutting edge* of high-speed tools. 

Uranium. L ranium is the rarest metal of the chromium group. Its 
principal ores lire pitchblende. UjO«, and carnotite . K.L'A'.Oi 2 • 3HjO. Its 

1 hr formula (Fr.NlniW'O, inruns a solid solution of FrWO* and MnW'O,, in indefinite 
ratio. 
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[§ 25-4 1 Manganese 
most important oxidation state is +6 (sodium diuranatc, Na 2 U 2 0(0H) 12 ; 

uranyl nitrate, U 0 2 (N 03 ) 2 - 6 H 2 0 ; etc.]. 

Before 1942 uranium was said to have no important uses. In \) 
however, exactly one hundred years after the metal was first isolated, 
uranium became one of the most important of all elements. It was dis¬ 
covered in that year that uranium could be made a source of nuclear 
energy, liberated in tremendous quantity at the will of man. A discus¬ 
sion of the present significance of uranium is given in Chapter ^3. 


25-4. Manganese 

The Oxidation States of Manganese. The principal oxidation stales 
of manganese are represented in the following diagram: 


- -|-7 MnO,", Mn ; Oj 

- 4-6 MnO«" 

-4-4 Mn0 2 

- 4-3 Mn 2 Oj, Mil**’ 

- 4-2 Mn 44 

0 Mn 


permanganate ion. 
manganese heptoxide 

manganatc ion 

manganese dioxide 

manganese trioxide, 
manganic ion 

manganous ion 

metallic manganese 


The maximum 
of the clement in 


oxidation number, 4*7, corresponds to the position 
the periodic table (group Vila). 


Ores of Manganese. The principal ore of manganese » pyrotuuU, 
MnO,. Pyrolusi.c occurs as a black massive mineral and also as very 
fine black powder. When pyrolusi.c is added to glass in the process of 
manufacture, the ferrous ion often present .» ordinary glass, which 
colors it green, is oxidized to ferric ion, which is nearly colorless. The 
mineral finds considerable use in thus decolorizing glass, and its name 
is derived from this use (Greek fiyr, fire, and luo, 1 dissolve). 


522 Chromium and Manganese , and Related Metals [Chap. 25] 

Less important ores are braunite y Mn 2 0 3 (containing some silicate); 
manganile , MnO(OH); and rhodochrosite , MnC0 3 . 

Metallic Manganese. Impure manganese can be made by reducing 
manganese dioxide with carbon: 

Mn0 2 4- 2C —*- Mn + 2CO f 

Manganese is also made by the aluminothermic process: 

3Mn0 2 + 4A1 —^ 2A1 2 0 3 + 3Mn 

Manganese alloy steels are usually made from special high-manganese 
alloys prepared by reducing mixed oxides of iron and manganese with 
coke in a blast furnace (see Chap. 27). The high-manganese alloys 
(70-80% Mn, 20-30% Fe) arc called ferromanganese , and the low- 
manganesc alloys (10-30% Mn) are called spiegeleisen. 

Manganese is a silvery-gray metal, with a pinkish tinge. It is reactive, 
and displaces hydrogen even from cold water. Its principal use is in the 
manufacture of alloy steel. 

Manganese Dioxide. Manganese dioxide is the only important com¬ 
pound of quadripositivc manganese. This substance has many uses, 
most of which depend upon its action as an oxidizing agent (with change 
from Mn +4 to Mn +l ) or as a reducing agent (with change from Mn 44 
to Mn +6 or Mn +T ). 

Manganese dioxide oxidizes hydrochloric acid to free chlorine, and 
is used for this purpose: 

MnO, 4- 2C1" 4- 4H+ —>- Cl* f 4- Mn H 4- 2H*0 

Its oxidizing power also underlies its use in decolorizing glass (as men¬ 
tioned above), and in the ordinary dry cell (see Chap. 13). 

The Manganates and Permanganates. When manganese dioxide is 
heated with potassium hydroxide in the presence of air it is oxidized 
to potassium manganate, K,Mn0 4 . Potassium manganate is made 
from manganese dioxide in this way: 

2MnO- + 4KOII 4- O, —2K t MnO« 4- 2H,0 f 

It is a green salt, which can be dissolved in a small amount of water to 
give a green solution, containing potassium ion and the manganate ion, 
Mn() 1 . The manganates are the only compounds of Mn 44 . They are 

powerful oxidizing agents, and are used to a small extent as disinfectants. 
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1§ 25-4\ Manganese 

The manganatc ion can be oxidized to permanganate ion , MnOf, which 
contains Mn«. The electron reaction for this process is 


MnO,- —MnO, + « 

In practice this oxidation is carried out clectrolytically (by cathodic 
oxidation) or by use of chlorine: 

2MnO< + Cl, —*- 2MnO«“ + 2C1~ 

Thc process of auto-oxidation-rcduction is also used; manganatc ion is 
stable in alkaline solution, but not in neutral or acidic so^fon. The 
addition of any acid, even carbon dioxide (carbonic acid), to a man- 
ganatc solution causes the production of permanganate ion and the 
precipitation of manganese dioxide: 

3MnO,— + 4H + —2MnO," + MnO, | + 2H,0 

preen n “*** U 

When hydroxide is added to the mixture of the purple solution and the 
brown or black precipitate, a clear green solution is again formed, 

showing that the reaction is reversible. ... 

This^rcaction serves as another example of Lc Chatclier s principle. 
the addition of hydrogen ion, which occurs on the left side of the equa¬ 
tion, causes the reaction to shift to the right. . 

Potassium permanganate, KMnO„ is the most important chemical 
compound of manganese. It occurs as deep purple-red prisms^ which 
dissolve readily in water to give a solution intensely colored with the 
magenta color characteristic of permanganate ion. The substance is a 
powerful-oxidizing agent, which is used as a disinfectant. It .s an im- 

portant chemical reagent. . r. x 

On reduction in acidic solution the permanganate ion accepts five 

electrons, to form the manganbus ion: 


MnO," + 5f + 8H + —»- Mn" -f 4H,0 

In neutral or basic solution it accepts three electrons, to form a prccipi- 
tatc of manganese dioxide: 

MnO,' + V + 4H* —- MnO, \ + 2H,0 

A one-electron reduction to manganatc ion can be made to take place 
in strongly basic solution: 

MnO 4 “ + e~ —MnOr - 

Permanganic acid, HMnO„ is a strong acid which is very unstable. 
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Its anhydride, manganese heptoxide, can be made by the reaction of 
potassium permanganate and concentrated sulfuric acid: 

2KMnO< + H 2 S0 4 —K 2 S0 4 + Mn 2 0 7 + H 2 0 

It is an unstable, dark-brown, oily liquid. 

Tcrpositive Manganese. The manganic ion, Mn ++_f , is a strong oxidiz¬ 
ing agent, and its salts arc unimportant. The insoluble oxide, Mn 2 Oj, 
and its hydrate. MnO(OH), are stable. When manganous ion is pre¬ 
cipitated as hydroxide, Mn(OH) 2 , in the presence of air, the white 
precipitate is rapidly oxidized to the brown manganic compound 
MnO(OH): 

Mn H + 20H- —►- Mn(OH)j | 

while 

4Mn(OH). + O; —- 4MnO(OH) + 2H.O 

brown 

Manganous Ion and Its Salts. Manganous ion , Mn ++ or [Mn(H 2 0)6] H_f , 
is the stable cationic form of manganese. The hydrated ion is pale rose- 
pink in color. Representative salts arc Mn(NOj)j- 6H 2 0, MnS0 4 - 7H 2 0, 
and MnCI 2 -4H ? 0. These salts and the mineral rhodochrosite, MnCOa, 
arc all rose-pink or rose-red. The isomorphism of rhodochrosite and 
calcite has been mentioned in Chapter 6. 

With hydrogen sulfide manganous ion forms a flesh-colored precipi¬ 
tate: 

Mn H + H 2 S —MnS l + 2H + 

25-5. Acid-Forming and Base-Forming Oxides and Hydroxides 

Chromium and manganese illustrate the general rules about the acidic 
and basic properties of metallic oxides and hydroxides: 

1. The oxides of an element in its higher oxidation states form acids. 

2. The lower oxides of an element form bases. 

3. The intermediate oxides may be amphoteric; that is, they may serve either as 
acid-forming or as base-forming oxides. 

The highest oxide of chromium, chromic oxide, is acidic, and forms 
chromates and dichromates. The lowest oxide, CrO, is basic, forming 
the chromous ion Cr++ and its salts. Chromic hydroxide, Cr(OH)*, 
representing the intermediate oxidation state, is amphoteric. With acids 
it forms the salts of chromic ion, such as chromic sulfate, Cr^SOOs, 
and with strong base it dissolves to form the chromite ion, Cr(OH) 4 ". 
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Similarly the two highest oxidation states of manganese +7 and 

lowest states are represented by the canons Mn and Mn The 
intermediate state +4 is unstable (except for the compound MnO,), 

and is feebly amphoteric. 

9 5-6. The Congeners of Manganese 

SEirr £.1JS= =rj=£ 

chemists Walter No*Uckandlda r«*e m P p f0mp0Unds all ox ida- 

-^repre^nted: c,am„h, - IWV. KeO, ReO,, KeO, 

Neptunium^Ncptunium, element 9^ wtu^ru made j," reaction of a^neutron^with 
ing the atomic number by 1: 

M U« + *'-* 

„u w -* r + • 3 Np 5 ” 

Neptunium U important as an intermediate in the manufacture of piutonium 

(Chap. 33). 

25-7 Scandium , Yttrium, Lanthanum , W fAr /?^/5.rlA 

Scandium, 7* j-*" ^""'^are-eart^ ^CTncnt*.'from'Jeriutn'utomic'number' W'" 

’ iu,"<:lic nmnher 7.) S5 

the ^mineral ^monazitf, am^tme of rare-earth phosphates containing also some thortum 

is widely used for cigarette lighters and gas '•ghten. LafNO.) j-6HjO- Cerium 

These elements are usually terposmve fonmn^ oxidj ,i„n state 

rr —~ 

-SKICX “““ •—- - — - 

. __,.r rare-earth elements. For convenience, 

• Lanthanum is lantlumum as a member of group Ilia, leaving 

the convention is adopted here oi including 
fourteen elements in the rare-earth group. 
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as well as of europic salts. Ytterbium and samarium have a somewhat smaller tendency 
to form salts representing the +2 state of oxidation. 

The ions of several of the rare earths have characteristic colors. A special glass con¬ 
taining rare-earth ions is used in glassblowers’ goggles. 

Many of the rare-earth compounds arc strongly paramagnetic. Crystalline compounds 
of gadolinium, especially gadolinium sulfate octahydrate, Gdt(S0 4 )»-8H 2 0, are used 
in the magnetic method of obtaining extremely low temperatures. 

The sulfides cerium monosulfide, CeS, and thorium monosulfide, ThS, and related 
sulfides have been found valuable as refractory substances. The melting point of cerium 
monosulfide is 2,450° C. 

25-8. Titanium , Zirconium , Hafnium, and Thorium 

The elements of group IVa of the periodic system are titanium, zirconium, hafnium, 
and thorium. 

Titanium occurs in the minerals rutile , TiOj, and ilmenite, FeTiO*. It forms compounds 
representing oxidation states +2, +3, and +4. Pure titanium dioxide, TiOj, is a 
white substance. As a powder it has great power of scattering light, which makes it an 
important pigment. It is used in special paints and face powders. Crystals of titanium 
dioxide (rutile) colored with small amounts of other metal oxides have been made 
recently for use as gems. Titanium tetrachloride, TiCl 4 , is a molecular liquid at room 
temperature. On being sprayed into air it hydrolyzes, forming hydrogen chloride and 
fine particles of titanium dioxide. For this reason it is sometimes used in making smoke 
screens. Titanium metal is very strong, light (density 4.5), refractory (melting point 
1,800° C), and resistant to corrosion. 

Zirconium occurs in nature principally as the mineral zircon, ZrSi0 4 . Zircon crystals 
are found in a variety of colors—white, blue, green, and red—and because of its beauty 
and hardness (7.5) the mineral is used as a semi-precious stone. The principal oxidation 
state of zirconium is +4; the states +2 and -f-3 are represented by only a few com¬ 
pounds. 

Hafnium is closely similar to zirconium, and natural zirconium minerals usually 
contain a few percent hafnium. The element was not discovered until 1923, and it has 
found little use. 

Thorium is found in nature as the mineral thorite, ThO*, and in monazite sand. The 
principal use of thorium is in the manufacture of Wclsbach gas mantles, which are 
made by saturating cloth fabric with thorium nitrate, Th(NOj)«, and cerium nitrate, 
Cc(NOj) 4 . When the treated cloth is burned, there remains a residue of thorium dioxide 
and cerium dioxide, ThO* and CeOj, which has the property of exhibiting a brilliant 
white luminescence when it is heated to a high temperature. Thorium dioxide is also 
used in the manufacture of laboratory crucibles, for use at temperatures as high as 
2,300° C. Thorium can be made to undergo nuclear fission, and it may become an im¬ 
portant nuclear fuel (Chap. 33). 


25-9. Vanadium , Niobium, and Tantalum 

Vanadium is the most important element of group Va. It finds extensive use in the 
manufacture of special steels. Vanadium steel is tough and strong, and is used in auto¬ 
mobile crank shafts and for similar purposes. The principal ores of vanadium arc 
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vonadijuU, Pb.(VO.).Cl, and K(U0,)V0. i H I 0. The .aucr mineral is also 

^ethemu^f v"m”u very interesting. The e.emen, form, compound, re,. 
The chemistry The hydroxides of biposmvc and 
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Exercises 

25-1. 


25-2. 


25-3. 


25-4. 


25-5. 


25-6. 


25-7. 


25-8 


Make a diagram luting compound, representative of the various important 
oxidation levels of chromium and manganese. 

What reduction product is formed when dichromale ion i, reduced in acidic 
solution’ when permanganate ion is reduced in ac.d.c solution, when per¬ 
manganate ion ^ reduced in basic solution? Write the electron reactions for 

these three cases. 

Write equation, for the reduction of dichromate ion by (a) sulfur d,ox.de; 

(b) ethyl alcohol. C.H.OH, which is oxidized to acetaldehyde. H.CCHO. 

(c) iodide ion, which is oxidized to iodine. 

Write an equation for the chemical reaction which occurs on fosionofamix- 
lure of chromite, potassium carbonate, and potass.um chlorate (which forms 
potassium chloride). 

Write the chemical equations for the preparation of potassium manganate and 
potassium permanganate from manganese dioxide, using po.ass.um hydrox.de. 
air, and carbon dioxide. 

What property of tungsten makes it suitable for use as the filament material 
in electric light bulbs? 

_ • . n a prO. U only extremely slightly soluble, and barium 

dichromate, BaCric.:, is soluble in water. What effect will the addition of Ba‘* 

ion have on the equilibrium 

2H+ -f 200« 5=^ Cr,0 "" + H,0 

in a solution containing both CrO«"~ and 0,0: ? 

What chemical reactions are taking place when a violet solution of chrome 
alum on treatment with hydrochloric acid turns green m color. 
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25-9. 


25-10. 

25-11. 

25-12. 


Chromium and Manganese. and Related Metals [Chap. 25] 

'Mir t\%.» most ini|>or(an( oxidation levels of uranium are +4 and 4-6. Which 
nf these levels would you ex|M*ct to have the more acidic properties? 

"rite the equation for the reduction of chromic ion by zinc in acidic solution. 

Mivr the name and formula of one ore of each of the following metals: chro¬ 
mium. manganese. inolylKienum. tungsten, uranium. 

Uritc equations f<>r the reactions which occur when molybdenite is roasted, 
and the product is dissolved in ammonium hydroxide solution. 



Chapter 2b 


Iron, Cobalt, Nickel, 
and the Platinum 
Metals 


center of the first !o g| ’ VIII of the periodic table. They show a 

,h ' from z 
trend in their ch m \ v several oxidation states, 

r= --c ^, 

versatile metals copper and zinc. ,, and+6 the last 

Irnn can assume the oxidation states + 2, + -J, ana to, 

. represented by only a few compounds, such as potassium ferrate, 

3=^srOTSs t s=?.‘^= 

oxygen. On the other hand. stable, and the cobaltous 

being strong reducing agents. 
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Nickel forms only one series of salts, containing the nickelous ion, 
Ni++ As was mentioned in Chapter 24, iron, cobalt, and nickel are 
sexivalenr in the metals and their alloys. This high metallic valence 
causes the bonds to be especially strong, and confers valuable properties 
of strength and hardness on the alloys. 


table 26-1 Some Physical Properties of Iron, Cobalt , and Nickel 



ATOMIC 

NUMBER 

ATOMIC 

WEIGHT 

DENSITY 

MELTING 

POINT 

BOlUNG 

POINT 

METALLIC 

RADIUS* 

Iron 

26 

55.85 

7.86 fl/cm* 

1,535° C 

3,000° C 

1J6 k 

Cobalt 

27 

58.94 

8.93 

1,480° 

2,900° 

1.25 

Nickel 

28 

58.71 

8.89 

1,452° 

2,900° 

1.24 


* For coordination number 12. 


26 - 1 . Iron 

Pure iron is a bright silvery-white metal which tarnishes (rusts) rapidly 
in moist air or in water containing dissolved oxygen. It is soft, malleable, 
and ductile, and is strongly magnetic (“ferromagnetic”). Its melting 
point is 1,535° C, and its boiling point 3,000° C. Ordinary iron (a-iron) 
has the atomic arrangement shown in Figure 24-2 (the body-centered 
arrangement-— each atom is in the center of a cube formed by the eight 
surrounding atoms). At 912° C a-iron undergoes a transition to another 
allotropic form, 7 -iron, which has the face-centered arrangement described 
for copper in Chapter 2 (Figs. 2-2 and 2-3). At 1,400° C another transi¬ 
tion occurs, to 5-iron, which has the same body-centered structure as 
a-iron. 

Pure iron, containing only about 0.01% impurities, can be made by 
electrolytic reduction of iron salts. It has little use; a small amount is 
used in analytical chemistry, and a small amount in the treatment of 
anemia.* Metallic iron is greatly strengthened by the presence of a 
small amount of carbon, and its mechanical and chemical properties 
are also improved by moderate amounts of other elements, especially 
other transition metals. 

The Ores of Iron. The chief ores of iron are its oxides hematite , Fe 2 0 3 , 
and magnetite , Fe 3 0 4 , and its carbonate siderite , FeCOj. The hydrated 
ferric oxides such as limonite are also important. The sulfide pyrite , FeS*, 

• See hemoglobin, Chapter 30. 
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[§ 26-7] Iron 

U used as a source of sulfur dioxide, but the impure iron ox.de left from 
£ „=« ,a«ac»o. to smelting te-, because the ,em„m„g 

sulfur is a troublesome impurity. 

The Metallurgy of Iron. The ores of iron are usually first roasted 

sul tides. iy 0rcs containing limestone or magnesium carbonate 

S=Z“ lb—1 SSMlttH 

th The'important reactions which occur in the blast furnace arc the 
/•nmhustion of coke to carbon monoxide, the rcduct.on of iron ox.de by 
Tcarbon monoxide, and the combination of acidic and basic oxides 
(the impurities of the ore and the added flux) to form slag. 

2C + Oi *■ 2CO 

3CO + Fc,0, —*• 2Fc + 3CO, 

CaCO, —*• CaO + COa 
CaO + SiOa —*- CaSiOa 

The slag is a glassy silicate mixture of complex composition, idealized 
a, calcium metasilicate, CaSiO,, in the above equation 

The hot exhaust gases, which contain some unoxidized carbon monox¬ 
ide are ckaned of dust ^d then are mixed with air and burned in large 
steel structures filled with fire brick. When one of these structures, wh.c 
are called W has thus been heated to a high temperature the burn¬ 
ing exhaust gas is shifted to another stove, and the heated stove is used 
to pre-heat the air for the blast furnace. 

Cast Iron. The molten iron from the blast furnace, having been in 
contact with coke in the lower par, of the firrnace, contains several 
percent dissolved carbon (usually about 3 or 4%), together with silicon 
manganese phosphorus, and sulfur in smaller amounts. These impurities 
^wefT" melting point from 1,535- C, that of pure iron, to about 

• A tuyere is a nozrle through which an air-blaat is delivered to a furnace, forge, or con- 
verier. 
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A photomicrograph of while cast non. consisting 
largely of the compound cementite , Fe*C. Slag- 
nification 100 X. (.From Malleable Founder' 
Society.) 



1,200° C. This iron is often cast into bars called pigs; the cast iron .tself 

15 When cast "iron is made by sudden cooling from the liquid state it ms 
white in color, and is called white cast iron I, ^largely o^thc 

. r 'trfti i i i? Fc»C a hard, brittle substance (tig- uray 

cast-iron, made by slow cooling, consists of crystalline grains of pure 

.T1 


• • 






FIG. 26-3 

A photomicrograph of gray cast iron , unetched. 
The white background is ferrite , and the black 
particles are flakes of graphite. Magnification 
100 X. (From Malleable Founders' Society.) 
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FIG. 26-4 

A photomicrograph oj malleable cast iron, show - 
mg ferrite ( background) and globular panicles 
of graphite. Unetched. (See Fig. 1-2 for photo¬ 
micrograph of etched sample, showing grains of 
ferrite.) Magnification 100 X. (From Malleable 
Founders' Society.) 


iron (called ferrite) and flakes of graphite (Fig. 26-3). Both white cast 
iron and gray cast iron are brittle, the former because its principal 
constituent, ccmcntitc, is brittle, and the latter because the tougher fer¬ 
rite in it is weakened by the soft flakes of graphite distributed through it. 

Malleable cast iron, which is tougher and less brittle than either 
white or ordinary- gray cast iron, is made by heat treatment of gray 
cast iron of suitable composition. Under this treatment the flakes of 
graphite coalesce into globular particles, which, because of their small 
cross-sectional area, weaken the ferrite less than do the flakes (Fig. 26-4). 

Cast iron is the cheapest form of iron, but its usefulness is limited by 
its low strength. A great amount is converted into steel, and a smaller 
amount into wrought iron. 

Wrought Iron. Wrought iron is nearly pure iron, with only 0.1% 
or 0.2% carbon, and all impurities amounting to less than 0.5%. It is 
made by melting cast iron on a bed of iron oxide in a reverberatory 
furnace (Fig. 26-5). As the molten cast iron is stirred, the iron oxide 
oxidizes the dissolved carbon to carbon monoxide, and the sulfur, phos¬ 
phorus, and silicon are also oxidized and pass into the slag. As the im¬ 
purities are removed the melting point of the iron rises, and the mass 
becomes pasty. It is then taken out of the furnace and beaten under 
steam hammers to force out the slag. 

Wrought iron is a strong, tough metal which can be readily welded 



535 


[§ 26-2 1 Steel 

and forged In past years it was extensively used for making chains, 
wire, and similar objects. It has now been largely displaced by mild steel. 


26-2. Steel 

Steel is a purified alloy of iron, 
manufactured in the liquid state. 


carbon, and other elements which is 
Most steels are almost free from phos- 



Heorlh lining Q 
some impur 
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Combustion space / A. 
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FIG. 26-5 Reverberatory Jurnn, e, ured Jo, makrng wrought iron and sleet. 

as 

, . . f 0 ? to 0 6% carbon, are used for making rails 

st'els, containing Iron 0.2 *0.6%c^ ^ ^ ^ ^ 

and structura c cm ^ clded _'High-earbon sleets (0.75 to 1.50% carbon) 
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Medium steels and high-carbon steels can be hardened and tempered 
(see later paragraphs of this section). 

Steel is made from pig iron chiefly by the open-hearth process (by which 
over 90% of that produced in the United States is made) and by the 
Bessemer process. In each process either a basic or an acidic lining may 
be used in the furnace or converter. A basic lining (lime, magnesia, or 



lr union 


Rdv.K jnJ 
pinion lor 
till mg 
vOiiv*. r K r 


Blast box 


or nozzles 


Compressed dir 
supplied through 


l runion 


lining 


Compressed dir 
bubbling through 
the molten non 
oxidizes the 
carbon snj silicon 


FIG. 26-6 Bessemer eomerter , used Jot making steel Jrom pig iron. 

a mixture of the two) is used if the pig iron contains elements, such as 
phosphorus, which form acidic oxides, and an acidic lining (silica) if 
the pig iron contains base-forming elements. 

The Open-Hearth Process. Open-hearth steel is made in a rever¬ 
beratory furnace—that is. a furnace in which the flame is reflected by 
the roof onto the material to be heated (Fig. 26-5). Cast iron is melted 
with scrap steel and some hematite in a furnace heated with gas or oil 
fuel. The fuel and air arc pre-heated by passage through a checker- 
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work of hot brick at one side of the furnace, and a simUar checkerwork 
on the other side is heated by the hot outgoing gases. F ~ni tune to 
time the direction of flow of gas is reversed. The carbon and other im¬ 
purities in the molten iron are oxidized by the hemat.te a " d b >' 
air in the furnace gas. Analyses are made during thenm.whichreqaires 
about eight hours, and when almost all the carbon is oxidized the 
amount desired for .he steel is added as coke or as a high-carbonaHoy 
usually ferromanganese or spiegelcisen. The molten steel is then cast 
into billets. Open-hearth steel of very uniform quality can be made 
because the process can be closely checked by analyses durmg the several 

hours of the run. 

The Bessemer Process. The Bessemer process of making steel was in¬ 
vented by an American, William Kelly, in 1852 and independently by 
an"Englishman, Henry Bessemer, in 1855. Molten pig iron >s poured 
into an egg-shaped converter (Fig. 26-6). Air is blown up through the 
liquid from tuyeres in the bottom, oxidizing silicon, manganese, and 
other impurities and finally the carbon. In about ten minutes the reac¬ 
tion is nearly complete, as is seen from the change in character of he 
iame Of burning carbon monoxide from the mouth of the converter. 
Hieh-carbon alloy is then added, and the steel is poured. 

The Bessemer process is inexpensive, bu, the steel is not so good as 

open-hearth steel. 

The Properties of Steel. When high-carbon steel is heated to bright 
redness and slowly cooled, it is comparatively soft. However, ,f it 


A*- Q 


FIG. 26-7 

The structure of martensite,a carbide of 
iron that is present in steel. I he atoms of 
carbon (small spheres) are in the centers 
of the horizontal squares formed by the 
iron atoms , which are in a body-centered 
arrangement. 



S [ i % 

* * w 







538 


Iron , Cobalt, Michel, and the Platinum Metals | Chap. 26\ 



FIG. 26-8 

.1 photomicrograph oj martensite, a constituent of 
hardened steel. Magnification 2,000 X. ( From 
Dr. D. S. Clark.) 


rapidly cooled, by quenching in water, oil, or mercury, it becomes 
harder than glass, and brittle instead of tough. This hardened steel can 
be “tempered" by suitable reheating, to give a product with the desired 
combination of hardness and toughness. Often the tempering is carried 
out in such a way as to leave a very hard cutting edge backed up by 
softer, tougher metal. 

These processes of hardening and tempering can be understood by 
consideration of the phases which can be formed by iron and carbon. 
Carbon is soluble in y-iron, the form stable above 912° C. If the steel 
is quenched from above this temperature there is obtained a solid 
solution of c.irl>on in a-iron, with the structure shown in Figure 26-7. 
This material, called nun ten site, is very hard and brittle (Fig. 26-8). It 
confers hardness and brittleness upon hardened high-carbon steel. 
Martensite is not stable at room temperature, but its rate of conversion 
to more st bfe phases is so small at room temperature as to be negligible, 
and hardened steel-containing martensite remains hard as long as it is 
not reheated. 

When hardened steel is tempered by mild reheating, the martensite 
underuocN transformation to more stable phases. The changes which it 
undergo* s arc complex, but result ultimately in a mixture of grains of 
a-iron (ferrite) and the hard carbide FcjC, ccmcntitc. Steel containing 
0.9 r c carbon (< eulectoid steel) changes on tempering into pearlite, which is 
composed of extremely thin alternating layers of ferrite and cementite 



l§ 26-2 ] Steel 


FIG. 26-9 
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A photomicrograph oj pcarlitc, showing lamellae 
of ferrite and cementite. Magnification I>0<)0 X- 
{From Dr. D. S. Clark.) 



(Fig. 26-9). Pcarlitc is strong and lough. Steel containing less than 0.9% 
carbon (hypo-euctectoid steel) changes on tempering into a microcrystallme 
metal consisting of grains of ferrite and grains of pcarlitc (Fig. 26 - 10 ), 
whereas that containing more than 0.9% carbon {hypa-a, ted old steel) on 
tempering yields grains of cementite and grains ol pearhte. 


FIG. 26-10 

A photomicrograph of hypo-rule, told sled, show¬ 
ing grains of pcarlitc. Carbon content of steel 
0.38%. Magnification 500 X- (From Dr. D. S. 
Clark.) 
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Steel intended to withstand both shock and wear must be tough and 
strong and must also present a very hard surface. Steel objects with 
these properties are made by a process called case-hardening. Medium- 
carbon steel objects are heated in contact with carbon or sodium cy¬ 
anide until a thin surface layer is converted into high-carbon steel, 
which can be hardened by suitable heat treatment. Some alloy steels 
are case-hardened by fomation of a surface layer of metal nitrides, by 
heating the objects in an atmosphere of ammonia. 

Alloy Steels. Many alloy steels, steel containing considerable amounts 
of metals other than iron, have valuable properties and extensive indus¬ 
trial uses. Manganese steel (12-14% Mn) is extraordinarily hard, and 
crushing and grinding machines and safes are made of it. Nickel steels 
have many special uses. Chromium-vanadium steel (5-10% Cr, 0.15% V) 
is tough and elastic, and is used for automobile axles, frames, and other 
parts. Stainless steels usually contain chromium; a common composi¬ 
tion is 18% Cr, 8% Ni. Molybdenum and tungsten steels arc used for 
high-speed cutting tools. 

26-3. Interstitial Solid Solutions and Substitutional Solid Solutions 

Two clearly distinct types of solid solutions (crystalline solutions) have been recognized. 
In solid solutions of one type, called interstitial solid solutions , atoms of one clement arc 
inserted into some of the interstices in the crystal lattice formed by the atoms of a second 
element. Usually this results in a small increase in the lattice constant of the crystal; 
but usually the increase in lattice constant is not large enough to compensate for the 
mass of the inserted atom, and the density of the interstitial solid solution may become 
larger than that of the substance without the interstitial atoms. The second sort of solid 
solutions, called substitutional solid solutions, involves the replacement of atoms of one 
kind in the crystal lattice by atoms of a second kind. 

An example of an interstitial solid solution is provided by martensite. The structure 
shown in Figure 26-7 is an ideal structure, corresponding to one carbon atom for every 
two iron atoms. It is seen from the figure that the iron atoms arc arranged approximately 
as in a-iron—that is, in the body-centered arrangement. The carbon atoms arc inserted 
in the centers of the horizontal faces of the unit of structure. The presence of carbon 
atoms in these faces, and not in the lateral faces, causes the crystal to be tetragonal in 
symmetry, rather than cubic. The vertical edge of the unit of structure shown in the 
figuic is about 3% larger than the two horizontal edges. If there are not so many carbon 
atoms present in the phase, some of the interstitial positions in the horizontal faces arc 
unoccupied. When the number of carbon atoms becomes smaller, the horizontal faces 
and the lateral faces arc occupied at random by carbon atoms, and the interstitial solid 
solution becomes cubic, rather than tetragonal, in symmetry. 

Interstitial solid solutions arc usually formed when a substance with small atoms is 
dissolved in a substance with large atoms—the covalent radius of carbon is 0.77 A, and 
the metallic radius of iron is 1.26 A. Solid solutions composed of atoms with nearly the 
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«ly(* usually arc subslitutional solid solutions. For example, iron and nickel form 

Lud sllns arc no, such good conduce of electricity as the pure meal. 


26 - 4 . Compounds of Iron 

Iron is an active metal, which displaces hydrogen easily from dilute 
acids. It burns in oxygen to produce ferrous-feme ox.de. TesO. Th^ 
oxide is also made by interaction with superheated steam. One method 
of preventing rusting involves the prod,.cion of an adherent surface 

it is dipped in very concentrated nitric 
acid It then no longer displaces hydrogen from dilute acids^ However, 

also produced by other oxidizing agents, such as chromate .on, . 

™o, Wades kep, in a solu.ion of po,.«i„ m chroma* rcma.n .harp 

^ •— 

coating of rust, which is a partially hydrated feme ox.de. 

~ i The ferrous compounds, containing bipositi\c 

fr"3y U ;tn i^r Most 5 the ferrous salts are easily 
oxidized by a ‘^pher.e oxygen. dissolving iron in sulfuric 

making ink. To make .nk a o wilh ferrous sulfate, 

?!££eS.Z2r<Z2&* - - • “■ 

i. made Mr ^.jj^ 
SSEwbX. iron filings 1* -*r. ■* « — * Mr*V 
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sulfide. Ferrous sulfide is also obtained as a black precipitate by the 
action of sulfide ion on a ferrous salt in solution. 

Ferrous carbonate, FeC0 3 , occurs in nature as a mineral, and can 
be obtained as a white precipitate by the action of carbonate ion on 
ferrous ion in the absence of dissolved oxygen. Like calcium carbonate, 
ferrous carbonate is soluble in acidic waters, the bicarbonate, Fe(HC0 3 ) 2 , 
being a soluble salt. Hard waters often contain ferrous or ferric ion. 

Ferric Compounds. The hydrated ferric ion, Fe(H 2 0)6 +++ , is pale- 
violet in color. The ion loses protons very readily, however, and ferric 
salts in solution usually arc yellow or brown, because of the formation 
of hydroxide complexes. Ferric nitrate, Fe(N0 3 ) 3 *6H 2 0, exists as pale- 
violet deliquescent crystals. Anhydrous ferric sulfate, Fc 2 (S0 4 )a, is ob¬ 
tained as a white powder by evaporation of a ferric sulfate solution. A 
well-crystallized ferric sulfate is iron alum, KFe(S0 4 ) 2 -12H 2 0, which 
forms pale-violet octahedral crystals. Ferric chloride, FcC.l 3 -6H 2 0, is 
obtained as yellow deliquescent crystals by evaporation of a solution 
made by oxidation of ferrous chloride with chlorine. Solutions of ferric 
ion containing chloride ion arc more intensely colored, yellow or brown, 
than nitrate or sulfate solutions because of the formation of ferric chloride 
complexes. Ferric hydroxide, Fc(OH) 3 , is formed as a brown precipi¬ 
tate when alkali is added to a solution of ferric ion. When it is strongly 
heated, ferric hydroxide is converted into ferric oxide, Fe 2 0 3 , which, 
as a fine powder, is called rouge and, as a pigment, Venetian red. 

Complex Cyanides of Iron. Cyanide ion added to a solution of fer¬ 
rous or ferric ion forms precipitates, which dissolve in excess cyanide 
to produce the complexes. Yellow crystals of potassium ferrocyanide, 
K 4 Fc(GN)f.-3H 2 0, arc made by heating organic material, such as dried 
blood, with iron filings and potassium carbonate. The mass produced 
by the heating is extracted with warm water, and the crystals are made 
by evaporation of the solution. Potassium ferricyanide, K 3 Fc(CN) 6 , is 
made as red crystals by oxidation of ferrocyanide. 

These substances contain the complexes ferrocyanide ion, 

Fc<CN) 6 - and ferricyanide ion, Fe(CN)*'-, respectively, and the 

fcrrocyanidcs and ferricyanidcs of other metals are easily made from 
them. 

The pigments Prussian blue and Turnbull's blue are made by 
addition of ferrous ion to a ferricyanide solution or ferric ion to a 
ferrocyanide solution. The pigments which precipitate have the ap¬ 
proximate composition KFcFc(CN)*• H-O. They have a brilliant blue 
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color. Ferrous ion and ferrocyanide ion produce a white precipitate of 
K 2 FeFe(CN)e, whereas ferric ion and ferricyamde ion do not form a 
precipitate, but only a brown solution. 


26 - 5 . Cobalt 

Cobalt occurs in nature in the minerals smaltiU, CoA*. and ‘obalutc 
CoAsS, usually associated with nickel. The metal is obtained by reducing 

the oxide with aluminum. .... T • i 

Metallic cobalt is silvery-white, with a slight reddish tinge. It u leu 
reactive than iron, and displaces hydrogen slowly from dilute acids 
It is used in special alloys, including Alnico, a strongly ferromagneuc 
alloy of aluminum, nickel, cobalt, and iron which is used for making 

^Cobaltou T hfn'Co (HjO)« ++ , in solution and in hydrated salts is red 
or pink in color. Cobaltou. chloride, CoCl,-6H,0. forms red crystals 
whfch when dehydrated change into a deep-blue powder. Wr ting made 
with a dilute solution of cobaltous chloride is almost invisible, bu be¬ 
comes blue when the paper is warmed, dehydrating the salt. Cobaltous 
oxide, CoO, is a black substance which dissolves in molten glass, to 

give it a blue color (.cobalt glass). inn 

Cobaltic ion is unstable, and an attempt to ox.d.re cobaltous ion 
usually leads to the precipitation of cobalt.c hydroxide, Co(OH),. The 
covalent cobaltic compounds are very stable The most important o 
these are potassium cobaltini.rite, K 3 Co(NO,)., and potassium cobalt.- 
cyanide, K 3 Co(CN)e- 


26 - 6 . Nickel 

Nickel occurs, with iron, in meteorites. Its principal ores arc nick'Utc 
N As millerit , NiS, and pcntlandite, (Ni,Fe)S. The metal - produced 
as an aT.oy containing iron and other elements, by roasting the ore and 

US r a wh^Tmctal, with a fain, tinge of yeHow. It is used in 

sssr- n i ;'— 

hydrogen only very slowly from acids. Ni co -6H.O 

The hydrated salts of nickel such as nickel sulfate, N.SO. 6H.O, 

and nickel chloride, NiCI,-6H,0, are green in color. N.ckelous hy- 
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droxide, Ni(OH) 2 , is formed as an apple-green precipitate by addition 
of alkali to a solution containing nickelous ion. When heated it pro¬ 
duces the insoluble green substance nickelous oxide, NiO. Nickelous 
hydroxide is soluble in ammonium hydroxide, forming ammonia com¬ 
plexes such as Ni(NH 2 )4(H 2 0) 2 ++ and Ni(NHs)6 ++ . 

In alkaline solution nickelous hydroxide can be oxidized to a hy¬ 
drated nickelic oxide, Ni0 2 -xH 2 0. This reaction is used in the Edison 
storage cell. The electrodes of this cell are plates coated with Ni0 2 *H 2 0 
and metallic iron, which are converted on discharge of the cell into 
nickelous hydroxide and ferrous hydroxide, respectively. The electrolyte 
in this cell is a solution of sodium hydroxide. 

26—7. The Platinum Metals 

The congeners of iron, cobalt, and nickel are the palladium metals , 
ruthenium, rhodium, and palladium, and the platinum metals , osmium, 
iridium, and platinum. These six metals are often referred to collectively 
as the platinum metals. The properties of these elements arc given in 
Table 26-2. 


table 26-2 Some Physnal Pm fin tics of die Palladium and Platinum Metals 



PALLADIUM METALS 

PLATINUM METALS 

Ru 

Rh 

Pd 

o» 

lr 

Pt 

Atomic number 

Atomic weight 

Oeniity (g/cm J ) 
Melting point t°C) 

44 

101.1 

12.36 

2.450° 

WM 

46 

106.4 

12.09 

1,555° 

1 

77 

192.2 

22.82 

2,440° 

78 

195.09 

21.60 

1,755° 


The palladium and platinum metals arc noble metals, chemically 
unrcactivc, which are found in nature as alloys, consisting mainly 
of platinum. 

Ruthenium and osmium arc iron-gray metals, the other four ele¬ 
ments being whiter in color. Ruthenium can be oxidized to Ru0 2 , 
and even to the octavalent compound RuO*. Osmium unites with 
oxygen to form osmium tetroxide, “osmic acid,” 0s0 4 , a white crystal¬ 
line substance melting at 40° and boiling at about 100°. Osmium 
tetroxide has an irritating odor similar to that of chlorine. It is a very 
poisonous substance. Its aqueous solution is used in histology; it stains 
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tissues through its reduction by organic matter to metallic osmium. It 
also hardens the material without distorting it. 

Ruthenium and osmium form compounds corresponding to various 
states of oxidation, such as the following: RuCb, K-RuO., 0*0 3 , 

OS Rhodium S °nd iridium arc very unreactive metals, not being at¬ 
tacked by aqua regia (a mixture of nitric and hydrochloric acids). Iridium 
l: alloyed with pfatinum to produce a very hard alloy, which « used 
for the tips of gold pens, surgical tools, and sc^ntific apparatus. Repre- 
sentativc compounds are Rh,0 3 , K 3 RhCU, lr«0,, K 3 IrCU, and K..IrCl,.. 

Palladium is the only metal of the palladium and platinum groups 
which is attacked by nitric acid. Metallic palladium has an unusual 
ability to absorb hydrogen. At 1,000° C it absorbs enough hydrogen to 
correspond approximately to the formula Pd ; H. . . ro _ 

The principal compounds of palladium are the salts of cMoro- 
palladous acid, H 3 PdCl 3 , and chloropalladic ac.d, H 5 PdCX I he 
chloropalladite ion, PdCl«~, is a planar ion, consisting of the pab 
ladium atom with four coplanar chlorine atoms arranged about it a 
the corners of a square. The chloropalladatc ion, PdCU , is an octa 

'" platinum U th^ most important of the palladium and P‘atmum 
metals. It is grayish-white in color, and is very ductile^ It can be welded 
at a red heaf, and melted in an oxyhydrogen flame. Because of its very 
small chemical activity it is used in electrical apparatus and in making 
riles and other apparatus for use in the lalxirato^ Wattnum « 
attacked by chlorine and dissolves in aqua regia. It also interacts 
with fused alkalies, such as potassium hydroxide, bus not with alkali 

The pd n c i pa 1 compounds of platinum are the salts of chloroplatinous 
acid H,Ptc£ and chloroplatinic acid, H.P.CU, These salts are similar 
fn structure » the corresponding palladium salts. Bo..pal ad-m and 
platinum form many other covalent complexes, such as the plat. 

is made by strongly heating ammonium chloroplatmatc (NH,) 3 PtCI, 
Platinum black is a fine powder of metallic platinum n > a ^ by addmg 
zinc to chloroplatinic acid. These substances have very strong catalytic 
activity and are used as catalysts in commercial processes such as the 
oxidation of sulfur dioxide to sulfur trioxidc. Platinum black causes 
the ignition of a mixture of illuminating gas and air or of hydrogen 
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and air as a result of the heat developed by the rapid chemical combina¬ 
tion of the gases in contact with the surface of the metal. 

Exercises 

26-1. Make a list of the known oxidation states of iron, cobalt, and nickel, naming 
the free ion, a complex ion, and a solid compound for each valence state, if 
they exist. 

26-2. Compare the stability of the free cobaltic ion, Co w , with that of the cobald- 
cyanide ion, Co(CN)r"‘, and explain in terms of electronic structure. 

26-3. What happens to the acidity of a ferrous sulfate solution when air is bubbled 
through it? Write the equation. 

26-4. What arc the oxidation states of iron in hematite, magnetite, and sidcrite? 

26-5. What are the chemical reactions for the conversion of hematite to cast iron? 

26-6. Calculate the percentage of carbon in cemcntite. 

26-7. What can you say about the equilibrium in the following chemical reaction, 
from your knowledge of the properties of steel and cast iron? 

3Fc + C ^±: FejC 

26-8. What arc the chemical reactions in the open-hearth process of making steel? 
in the Bessemer process? 

26-9. W'hat is the composition of stainless steel? 

26-10. What is the normality of a permanganate solution, 48.0 ml of which is required 
to titrate 0.400 g of (NH 4 )jFe(SO«)j-6HjO? 

26-11. In which direction docs the following chemical reaction mainly proceed? 

Cu + FC++ +±: Fe + Cu*+ 

26-12. What chemical reaction do you think would take place between sidcrite and 
carbonated water? 

26-13. Which do you predict would have the lower ^H, an aqueous solution of ferric 
nitrate, or an aqueous solution of ferric chloride? 

26-14. What compounds of the Fc(CN)*-ion arc the most strongly colored? 

26-15. Write a chemical equation for the preparation of metallic cobalt. Why is not 
cobalt made by the same method as is used for the commercial preparation of 
iron? 

26-16. What arc the narhes and formulas of an ore of cobalt and an ore of nickel? 

26-17. What chemical reactions take place when acidic solutions of bipositivc nickel, 
cobalt, and iron arc treated with aqueous ammonia? 

26-18. Name compounds of the important oxidation states of palladium and platinum. 

26-19. Devise a simple method for the separation of osmium in qualitative analysis. 

26-20. What arc the most important properties of platinum? 
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Exercises 
26-21. 


26-22. 


26-23. 


26-24. 


Devise a method of convening pyrite into ferrous sulfa,e. and wri.e e q ua,ions 
for the chemical reactions. 

VVrite formulas for the following compounds, including water of crys.all.za,.on: 
ferrous ammonium sulfate ferrous sulfate Locyanide 

=L-“S— SSiaSS; 

Cr(CO).; discuss the electronic structures of these substances. 

JESTS ==£ SKSTlSt 

acidic linings and basic linings. 


Chapter 27 


■ Copper, Zinc, 
Gallium, and 
Germanium and 
Their Congeners 


The chemistry of the elements copper, silver, gold, zinc, cadmium, mer¬ 
cury, gallium, indium, thallium, germanium, tin, and lead is discussed 
in the following sections. 

The three metals copper, silver, and gold comprise group lb of the 
periodic table. These metals all form compounds representing oxidation 
state +1, as do the alkali metals, but aside from this they show very 
little similarity in properties to the alkali metals. The alkali metals are 
very soft and light, and very reactive chemically, whereas the metals of 
the copper group arc much harder and heavier and are rather inert, 
sufficiently so to occur in the free state in nature and to be easily obtain¬ 
able by reducing their compounds, sometimes simply by heating. 

Group lib of the periodic table includes two very important elements, 
zinc and mercury, and one element, cadmium, which has found more 
limited use. The chemistry of these metals is simple. Zinc forms only 
one series of compounds, in which the metal is bipositive (Zn* 4 ', ZnO, 
etc.). The compounds of cadmium are closely similar to those of zinc, 
representing only oxidation number +2. Mercury forms two series of 
compounds: the mercuric compounds, which contain bipositive mercury 
(Hg ++ , HgCl 2 , HgS, etc.), and the mercurous compounds, which contain 
unipositive mercury (Hg 2 ++ , Hg 2 Cls, etc.). 



IS 27-/1 Oxidation Slat's oj Copper , Silver, and Gold * 9 

The elements of group IHb, gallium, indium, and thallium, are 

themselves and their alloys have many uses- n 

all form compounds ^^3 ££. of compounds, 

also by carbon and stl.com Th yj mQS , imporlan t oxidation 

representing oxidation w+2£*c , han the highcr 

oxidation 2U. The hydroxides of 
decreasing to tin and lead. 

27-1. Oxidation States of Copper, Silver, and Gold 

The oxidation states of copper, silver, and gold represented in their 

important compounds arc ^pounds, contain- 

The principal compounds of copper a™ the in 

Sny sSSl^ous able and the ^ compounds, 

except the very insoluble ones, arc easily oxidized. 

n • i rit 


-r + 3 


- +2 


- +1 


-L 0 


Copper 


rcu*-+ 

\ Cu(NH,) 4 - 
[CuS, etc. 

f Cu 2 0 
l CuCI, etc. 


Cu 


Silver 


Gold 
fAuCla 
\AuC1 4 * 


fAg* 

\ Ag.O 
[AgCU etc. 


Ag 


( AuCl 
l AuCl-' 


An 


The unipositive Ag*. U stable and 

A very few compounds have '-“deacon. t^S ^ 

positive silver. These compound. ry which might be 

The stable oxidation state +1 shown by silver is that wluc S 
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expected from the electronic structure of the element. Silver has atomic 
number 47, and the ion Ag + contains just enough electrons to fill com¬ 
pletely the K shell, the L shell, and the M shell. The outer shell of this 
ion thus contains eighteen electrons. This eighteen-shell structure is found 
to be stable for ions of other transition metals (Zn"*^, Cd ++ , 

Ga +++ , etc.), and this stability is in part responsible for the existence of 
the important oxidation states recognized in the group numbers. It is 
surprising that the cupric compounds arc more important than the 
cuprous compounds. 

The aurous ion, Au + , and the auric ion, Au +4_+ , are themselves 
unstable in aqueous solution. The stable aurous and auric compounds 
contain covalent bonds, as in the complex ions AuC1 2 ~ and AuCU“. 


27-2. The Properties of the Metals 

Copper is a red, tough metal with a moderately high melting point. 
It is an excellent conductor of heat and of electricity when pure, and 
it finds extensive use as an electrical conductor. Pure copper which 
has been heated is soft, and can be drawn into wire or shaped by ham¬ 
mering. This “cold work” causes the metal to become hard, because 
the crystal grains arc broken into much smaller grains, with grain 
boundaries which interfere with the process of deformation and thus 
strengthen the metal. The hardened metal can be made soft by heating 
(“annealing"), which permits the grains to coalesce into larger grains. 

Silver is a soft, white metal, somewhat denser than copper, and with 
a lower melting point. It is used in coinage, jewelry, and tableware, 
and as a filling for teeth. 

Gold is a soft, very dense metal, which is used for jewelry, coinage, 
dental work, and scientific and technical apparatus. Gold is bright 
yellow by reflected light; very thin sheets arc blue or green. Its beau¬ 
tiful color and fine luster, which, because of its inertness, arc not affected 
by exposure to the atmosphere, are responsible for its use for ornamental 
purposes. Gold is the most malleable and most ductile of all metals. 

Alloys of Copper, Silver, and Gold. The transition metals find 
their greatest use in alloys. Alloys are often far stronger, harder, and 
tougher than their constituent elementary metals. The alloys of copper 
and zinc are called brass, those of copper and tin arc called bronze , and 
those of copper and aluminum arc called aluminum bronze. Many of 
these alloys have valuable properties. Copper is a constituent also of 
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|§ 27-3 ]• Cupric Compounds 

table 27-1 Some Physical Properties of Copper , Silver , and Gold 



ATOMIC 

NUMBER 

ATOMIC 

WEIGHT 

DENSITY 

MELTING 

POINT 

BOILING 

POINT 

METALUC 

RADIUS 

COLOR 

Copper 

Silver 

Gold 

2? 

47 

79 

63.54 

107.880 

197.0 

i-- 

8.97 o cm’ 

10.54 

19.42 

1,083’ C 
960.5' 

1,063 s 

2.310 s C 
1.950® 
2.600° 

1.28 k 

1.44 

1.44 

Red 

While 

Yellow 


other useful alloys, such as beryllium copper, coinage silver, and coinage 

^Coinage silver in the United States contains 90% silver and 10% 
copper. This composition also constitutes sterling silver in the United 
States. British sterling silver is 92.5% silver and 7.5% copper. 

Gold is often alloyed with copper, silver, palladium, or other metals. 
The amount of gold in these alloys is usually described in carats, the 
number of parts of gold in 24 parts of alloy-pure gold ts 24 carat. 
American coinage gold is 21.6 carat (90% gold, 10% copper), and 
British coinage gold is 22 carat. White gold , used in jewelry, .s usually a 
white alloy of gold and nickel. 


27 - 3 . Cupric Compounds 

The hydrated cupric ion, Cud^O),^ is an ion with light-blue color 
which occurs in aqueous solutions of cupric salts and in some of the 
hydrated crystals. The most important cupric salt is copper sultate, 
which forms blue crystals, CuS0.-5H,0. The metal copper is not suf¬ 
ficiently reactive to displace hydrogen ion from dilute acids, and copper 
does not dissolve in acids unless an oxidizing agent is present. However, 
hot concentrated sulfuric acid is itself an oxidizing agent, and can 
dissolve the metal, and dilute sulfuric acid also slowly dissolves it in 
the presence of air: 

Cu + 2H,SO, + 3H,Q —v GuSOj- 5H-0 + SO, 


2Gu + 2H,SO, + O- + 8H,0 —>- 2CuS0.-5H,0 

Copper sulfate, which has the common names blue vitriol and blue,tone 
is used in copper plating, in printing calico, in electric cells, to prevent 
algae from growing in swimming pools and reservoirs, and in the manu¬ 
facture of other compounds of copper. Bordeaux m.xture, made by adding 
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a suspension of calcium hydroxide to a copper sulfate solution, is used 
to spray plants to destroy fungi. 

Cupric chloride, CuCl,, can be made as yellow crystals by d.rect 
union of the elements. The hydrated salt, CuCl,-2H,0. is b ue-green 
in color, and its solution in hydrochloric acid is green. The blue-green 
color of the salt is due to its existence as a complex, 


OH, 

I 

Cl—Cu—Cl 

I 

OH, 

in which the chlorine atoms arc bonded directly to the copper atom. The 
green solution contains ions CuC1 3 (H 2 0)“ and CuCl« . All of t ese 
complexes are planar, the copper atom being at the center of a square 
formed by the four attached groups. The planar configuration is shown 
also by other complexes of copper, including the deep-blue ammonia 

complex, Cu(NHj)4 ++ . . 

Cupric bromide, CuBr 2 , is a black solid obtained by reaction of 

copper and bromine or by solution of cupric oxide, CuO, in hydrobromic 
acid. It is interesting that cupric iodide, Cul 2 , docs not exist; when a 
solution containing cupric ion is added to an iodide solution there 
occurs an oxidation-reduction reaction, with precipitation of cuprous 
iodide, Cul: 

2Cu++ + 41- —2Cul | + U 

This reaction occurs because of the extraordinary stability of cuprous 
iodide, which is discussed in the following section. The reaction is used 
in a method of quantitative analysis for copper, the liberated iodine 
being determined by titration with sodium thiosulfate solution. 

Cupric hydroxide, Cu(OH)*, forms as a pale-blue gelatinous precipi¬ 
tate when an alkali hydroxide or ammonium hydroxide is added to a 
cupric solution. It dissolves very readily in excess ammonium hydrox¬ 
ide, forming the deep-blue complex Cu(NH 3 ) 4 ++ (Chap. 23). Cupric 
hydroxide is slightly amphoteric, and dissolves to a small extent in very 
concentrated alkali, forming Cu(OH) 4 . 


27-4. Cuprous Compounds 

Cuprous ion, Cu + , is so unstable in aqueous solution that it undergoes 
auto-oxidation-reduction into copper and cupric ion: 

2Cu + —*- Cu \ 4- Cu ++ 
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[§ 27-5} The Compounds of Silver 

Very few cuprous salts of oxygen acids exist. The stable cuprous com¬ 
pounds are either insoluble crystals containing covalent bonds or co- 

^Whe^ToppeT is added to a solution of cupric chloride in strong 
hydrochloric acid a reaction occurs which results m the ° f * 

colorless solution containing cuprous chlor.de complex .ons such 

CuClr: 

CuClr" 4- Cu —*- 2CuCI*~ 

This complex ion involves two covalent bonds, its electronic structure 
being 


[: 01 - 0 - 0 =] 


Other cuprous complexes, CuCl 3 and CuCl< , also exist. 

If the solution is diluted with water a colorless precipitate of cuprous 

that of diamond, with alternating carbon atoms replaced by copper 

Ch S™u F .to^S.. CuBr, .„<= cuprou, « - .1=0 

“ arc .bc luao.ub.c .ub.ranco, uuprou. 

oupro.ru,M., ^ 

CuCN (white), and cuprous thiocyanate, CuSCN (whi ) 

27-5 The Compounds of Silver 

ssssssssss?* 

Ag,Q + HjO =!=*= 2Ag* + 20H 

Silver oxide is used in -- ^um^ 

SS^ h^oxide folut.on in this way: 

2Cs + + 20- + AgjO + H,0 — 2AgO + + 2Cs+ + 20H 
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This reaction proceeds to the right because silver chloride is much less 
soluble than silver oxide. 

The silver halides, AgF, AgCl, AgBr, and Agl, can be made by 
adding silver oxide to solutions of the corresponding halogen acids. 
Silver fluoride is very soluble in water, and the other halides are nearly 
insoluble. Silver chloride, bromide, and iodide form as curdy precipi¬ 
tates when the ions are mixed. They arc respectively white, pale-yellow, 
and yellow in color, and on exposure to light they slowly turn black, 
through photochemical decomposition. Silver chloride and bromide 
dissolve in ammonium hydroxide solution, forming the silver ammonia 
complex Ag(NH 3 ) 2 4 (Chap. 23); silver iodide does not dissolve in am¬ 
monium hydroxide. These reactions are used as qualitative tests for 
silver ion and the halide ions. 

Other complex ions formed by silver, such as the silver cyanide 
complex Ag(CN)*” and the silver thiosulfate complex Ag(S 2 0 3 )* , 

have been mentioned in Chapter 23. 

Silver nitrate, AgN0 3 , is a colorless, soluble salt made by dissolving 
silver in nitric acid. It is used to cauterize sores, and for this use it has 
the old name lunar caustic (from the alchemistic name luna, the inoon, 
for silver). Silver nitrate is easily reduced to metallic silver by organic 
matter, such as skin or cloth, and is for this reason used in making 
indelible ink. 


Silver ion is an excellent antiseptic, and several of the compounds of 
silver are used in medicine because of their germicidal power. 


27—6. Photography 

A photographic film is a sheet of cellulose acetate coated with a thin 
layer ot gelatin in whit h very fine grains of silver bromide are suspended. 
1 his layer of gelatin and silver bromide is called the photographic emulsion. 
1 he silver halides are sensitive to light, and undergo photochemical 
decomposition flic gelatin increases this sensitivity, apparently because 
of the sulfur which it contains. 


When the film is briefly exposed to light some of the grains of silver 
bromide undergo a small amount of decomposition, perhaps forming 
a small particle ol silver sulfide on the surface of the grain. The film 
can then be (leveloped by treatment with an alkaline solution of an or¬ 
ganic reducing agent, such as hydroquinonc. the developer. This causes 
the silver bromide grains that have been sensitized to be reduced to 
metallic silver, whereas the unsensitized silver bromide grains remain 
unchanged. By this process the developed film reproduces the pattern 
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of the light which exposed it. This film is called the negative, because it 
t darkest (with the ^eatc, amount of .U.cr) in the pl.ee, wh.eh were 
exposed to the most light. 

The undeveloped grains of silver halide are next removed by reat- 
jnent with a fixing bath, which conta.ns thiosulfate (from 

sodium thiosulfate, “hypo” Na=S : CV5H ; 0). The soluble stiver thto- 

sulfate complex is formed: 

AgBr + 2S 2 0 3 — —'- Ag(S:Oa); + Br" 

Thc fixed negative is then washed. Care must be taken not to transfer 
the negative from a used fixing bath, containing a constderablc concen¬ 
tration of silver complex, directly to the wash water, as insoluble stiver 
thiosulfate might precipitate in the emulsion: 

2Ag(S 3 Oj)3 *=* AgjS-Oj | + 3SiOi 

Since there are three ions on the right, and only two on the left, dilution 

r inses the equilibrium to shift toward the right. 

A positive print can be made by exposing pr.nl paper, coated with 
a stiver halide emulsion, to light which passes through the super.mposed 
negative and then developing and fixing the exposed paper. 

Many Cher very interesting chemical processes are used m photog¬ 
raphy, especially for the reproduction of color. 

The Chemistry of Color Photography. The electromagnetic waves 

27 - 1 . It consists o.a b superimposed some dark lines, 

gases in the sun on ' "^ wavelengths by atoms in the cooler 


556 


Copper, Zinc, Gallium, and Germanium and Their Congeners [Chap. 27] 

ing light in the green region of the spectrum, permitting the blue-violet 
light and red light to pass through. The combination of blue-violet and 
red light appears magenta in color. We accordingly say that permanga¬ 
nate ion has a magenta color. 

The human eye does not have the power of completely differentiating 
between light of one wavelength and that of another wavelength in the 
visible spectrum. Instead, it responds to three different wavelength 
regions in different ways. All of the colors that can be recognized by 
the eye can be composed from three fundamental colors. These may be 
taken as red-green (seen by the eye as yellow), which is complementary 
to blue-violet; blue-red, or magenta, which is complementary to green; 
and blue-green, or cyan, which is complementary to red. Three primary 
colors, such as these, need to be used in the development of any method 
of color photography. 

The first successful method of color photography was the Autochrome 
method , developed in France about 1904. Three samples of starch, which 
consists of minute spherical grains, were dyed red, green, and blue, 
respectively. These dyed starch grains were thoroughly mixed, were scat¬ 
tered over the surface of a photographic plate, and were then squashed 
into flat discs. The plate was then exposed and developed. In a region 
of the plate on which red light was falling the red light would pass 
through the green and blue starch grains, exposing the plate behind 
these grains, so that after development silver would be deposited there, 
and light passed through the plate from behind would be absorbed. 
However, the red light would have been stopped by the red starch grains 
during the exposure, so that no silver would have been deposited behind 
these grains, and light passing through the exposed plate from behind 
would continue through the red starch grains, producing a red color 
in this region of the plate. Similar effects would be produced by the 
green and blue starch grains in green and blue light, so that the plate 
would reproduce approximately the colors of the incident light. 

An important modern method of color photography is the Kodachrome 
method . developed by the Kodak Research Laboratories. This method is 
illustrated in Figure 27-2. The film consists of several layers of emulsion, 
superimposed on a cellulose acetate base. The uppermost layer of pho¬ 
tographic emulsion is the ordinary photographic emulsion, which is 
sensitive to blue and violet ) : ght. The second layer of photographic 
emulsion is a green-sensitive emulsion. It consists of a photographic emul¬ 
sion that has been treated with a magenta-colored dye, which absorbs 
green light and sensitizes the silver bromide grains, thus making the 
emulsion sensitive to green light as well as to blue and violet light. 
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The third photographic emulsion, red-sensitive emulsion has been 

mmmmm 

b U y C blue Sh;: the^dle e-.sion is exposed by green light, and the 

b ThTexp"f thTdifftrtntTa'yefof photographk emtJsion in the 

■a ssK=ST£sf 5£= tt 

—~fs rtsfrs sm 

the film is exposed t roug red-sensitive emulsion capa- 

silver bromide grains in sue ^ bromide grains are re- 

bottomlayer^atthe b deposited only in the regions 

1 ed bv the sensitized silver bromide grains. The next process 
occupied by the sen (o b , uc |ight from ,hc front of the nega- 

(Process 5) consists in p vc llow dye, and so affects only 

tive. The blue light is absorbed by ’ n> , hc blu e-sens,t,ve 

thC ^?on° TWs Un emuls S ion Is then developed in a special developer 

(Process 6), a yellow devSm°J 

dye in the neighborhood undeveloped silver bromide 

th y en exposed to white Ugh, to -he middle 

grains in die m.d,developer and coupler (Process 8). 

emulsion is developed woh g P so , u , ions is rem0 ved by a 

zxssz t ires kt. 

«rigto^ly tockte. «*” •“ "P- 
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organic chemists who solved the problem of the synthesis of stable 
dyes with the special properties required for this purpose. The photo¬ 
graphic industry, like most industries of the modern world, is a chemical 
industry. 

27-7. Gold 

KAu(CN) 2 , the potassium salt of the complex aurous cyanide ion 
Au(CN) 2 ”, with electronic structure 

[: N=C—Au—C=N: |- 

is an example of an aurous compound. The aurous chloride complex 
AuClr has a similar structure, and the aurous halides, AuCl, AuBr, 
and Aul, resemble the corresponding halides of silver. 

Gold dissolves in aqua regia (a mixture of concentrated nitric and 
hydrochloric acids) to form hydrogen aurichloride, HAuCl*. This acid 
contains the aurichloride ion, AuCl*"*, a square planar complex ion: 

: Cl: 

•. i •. 

: Cl—Au - Cl: 

•. ■ • • 

: Cl: 

• • _ 

Hydrogen aurichloride can be obtained as a yellow crystalline substance, 
which forms salts with bases. When heated it forms auric chloride, 
AuCls, and then an aurous auric chloride, Au 2 Cb, and then aurous 
chloride. AuCl. On further heating all the chlorine is lost, and pure 
‘gold remains. 

27-8. Color and Mixed Oxidation Stales 

The gold halides provide examples of an interesting phenomenon—the deep, intense color 
often observed in a substance uhich contains an element in two different oxidation states. Aurous 
auric chloride. AujCh, is intensely black, although both aurous chloride and auric 
chloride are yellow. Cesium aurous auric bromide, Cs-* [AuBr ; ]“ |AuBr»J~, is deep-black 
in (olor, and both CsAuBr- and CsAuBr* arc much lighter. Black mica (biotile) and 
bl.u k tourmaline contain both ferrous and ferric iron. Prussian blue is ferric fcrrocyanide; 
ferrous fcrrocyanide is white, and ferric fcrricyanidc is light yellow. When copper is 
added to a light-green solution of cupric chloride a deep brownish-black solution is 
formed, before complete conversion to the colorless cuprous chloride complex. 

The theory of this phenomenon is not understood. The very strong absorption of light 
is presumably connected with the transfer of an electron from one atom to another of 
the element present in two valence states. 
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27-9. The Properties and Uses of Z™> Cadmium, and Mercury, 

Zinc is . bluish-white, ~d«»ely hard 

S3 hont's"™ shapes is hiadc by deeicopl.huy »i~ onto the 

* - - 

and wet colls. 


I — ' — 
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• 
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BOILING 
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RADIUS 

COLOR 

Zinc 

Cadmium 

Mercury 

30 

46 

80 

65.38 

11 2.41 

200.61 

7.14 Q/<m* 
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13.546 

419.4® C 

320.9° 

— 38.89* 

-- 

907- C 

767 ' 

356.9’ 

1.38 A 

1.54 

1.57 

Blui»h-whilc 

Blui»h-whilc 
Silvery-*hito | 


found increasing use < 1 ..ticallv from a baih containing the 

cadmium plate is deposi c Cxl(CN ),—. Cadmium is also used in 

cadmium cyanide complex ion, Cd<C ^ automatic fire 

some alloys, such as the hw » C, contains 50% Hi. 

extinguishers. IIWr meta , « » ^ Bccausc . of the toxicity of com- 
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r«32?=7 ——--• —. 
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aS"1S/Hi^d-i.y, and high electric conductivity i, finds 
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extensive use in thermometers, barometers, and many special kinds of 
scientific apparatus. 

The alloys of mercury are called amalgams. Amalgams of silver, gold, 
and tin arc used in dentistry. Mercury does not wet iron, and it is usu¬ 
ally shipped and stored in iron bottles, called flasks , which hold 76 pounds 
of the metal. 


27—10. Compounds of £inc and Cadmium 

The zinc ion, Zn(H 2 0) 4 ++ , is a colorless ion formed by solution of zinc in 
acid. It is poisonous to man and to bacteria, and is used as a disinfectant. 
It forms tetracoordinated complexes readily, such as Zn(NHa)4 ++ , 
Zn(CN) 4 —, and Zn(OH) 4 . The white precipitate of zinc hydroxide, 
Zn(OH) 2 , which forms when ammonium hydroxide is added to a solu¬ 
tion containing zinc ion, dissolves in excess ammonium hydroxide, 
forming the zinc ammonia complex. The zinc hydroxide complex, 
Zn(OH) 4 , which is called zincate ion, is similarly formed on solu¬ 
tion of zinc hydroxide in an excess of strong base; zinc hydroxide is 
amphoteric. 

Zinc sulfate, ZnS0 4 -7H 2 0, is used as a disinfectant and in dyeing 
calico, and in making lithopone , which is a mixture of barium sulfate 
and zinc sulfide used as a white pigment in paints: 

Ba-^S— + Zn^SOr" —BaS0 4 \ + ZnS | 

Zinc oxide, ZnO, is a white powder (yellow when hot) made by 
burning zinc vapor or by roasting zinc ores. It is used as a pigment 
(zinc white), as a filler in automobile tires, adhesive tape, and other 
articles, and as an antiseptic (zinc oxide ointment). 

Zinc sulfide, ZnS, is the only white sulfide among the sulfides of 
the common metals. Its conditions of precipitation have been discussed 
in Chapter 22. 

The compounds of cadmium arc closely similar to those of zinc. 
Cadmium ion, Cd 44 , is a colorless ion, which forms complexes 
[Cd(NH 3 ) 4 +4 ‘, Cd(CN) 4 ~“l similar to those of zinc. The cadmium 
hydroxide ion, Cd(OH) 4 “~, is not stable, and cadmium hydroxide, 
Cd(OH) 2 , is formed as a white precipitate by addition even of concen¬ 
trated sodium hydroxide to a solution containing cadmium ion. The 
precipitate is soluble in ammonium hydroxide or in a solution contain¬ 
ing cyanide ion. Cadmium oxide, CdO, is a brown powder obtained 
by heating the hydroxide or burning the metal. Cadmium sulfide, CdS, 
is a bright-yellow precipitate obtained by passing hydrogen sulfide 
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through a solution containing cadmium ion; 

(cadmium yellow). 


it is used as a pigment 


27-11. Compounds of Mercury 


The mercuric 

what in their properties strong tendency 

cadmium. The differences are £* ds . Thu, the covalent 

crystal'n»ercuric < sulfide, HgS, is far less soluble than cadmium sulfide 

» HgtNOili- IHiO, b tMd* by di. 
solving mercury in hot concentrated nitric acid. 

3Hg + 8 HNO 3 — 3Hg(NOi)s + 2NO t + 4H,0 

„ hy d„i»,c S o„ diimi.n, U m». wt,r P p r;:;.“ 

srs.”^ v ^.by v " iih ” dium 

chloride, subliming the volatile mercuric chlor.d . 

A dilute solution of .^^uric^UwoLTf s^T^al^S 

fectant. Any somewhat T^curic ion to hydrolyze and to precipitate 

: Cl-Hg-Cl : . The electronic structure of these molecules, which 
have a ^-onfiguratiom ‘ VhT^eof 'sublimahon of mercuric chlo- 
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Mercuric ion Mercurousion 

Hg^ H g r 



Hg Cl 2 Hg 2 Cl 2 


FIG. 27-3 

The structure oj the mercuric ion , mercurous 
ion , mercuric chloride molecule , ant/ mercurous 
chloride molecule. In the mercurous ion and the 
two molecules the atoms are held together by 
covalent bonds. 


blood. Egg while and milk arc swallowed as antidotes; their proteins 
precipitate the mercury in the stomach. 

With ammonium hydroxide mercuric chloride forms a white pre¬ 
cipitate, HgNHjCl: 

HgClj + 2NH® —>- HgNHjCl \ + NH 4 + + Cl~ 

Mercuric iodide, Hgl 2 , is a red precipitate formed on addition of 
iodide ion to a solution containing mercuric ion. When heated it 
changes from red to yellow in color at 128° C, as it undergoes trans¬ 
formation to a second crystalline form. Mercuric iod dc dissolves in 
Solution containing excess iodide ion, forming the complex ion Hgl 4 : 

Hgl, + 21- —Hgl 4 “ 

This ion in alkaline solution (Messier's reagent) serves as a delicate test 
for ammonia (as in drinking water), giving with it a yellow or brown 
precipitate. 

Mercuric sulfide, HgS, is formed as a black precipitate when hydro¬ 
gen sulfide is passed through a solution of a mercuric salt. It can also 
be made by rubbing mercury and sulfur together in a mortar. The black 
sulfide (which also occurs in nature as the mineral melacinnabarite) is 
converted by heat into the red form (cinnabar). Mercuric sulfide is the 
most insoluble of metallic sulfides. It is not dissolved even by boiling 
concentrated nitric acid, but it does dissolve in aqua regia, under the 
combined action of the nitric acid, which oxidizes the sulfide to free 
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sulfur, and hydrochloric acid, which provides chloride ion .o form .he 
stable complex HgCh : 

3H gS + 12HC1 + 2HN0 3 — 3HgClr- + 6H* + 3S \ 

+ 2NO t + 4H ’° 

Scyauido) form a yellow powder when .hey are ground up. Mercunc 

.3 i, „ - lor 

" Hs'SS Xmcd by reduedoo ot a ororcoric 

nitrate solution with mercury: 


•f+ 


Hg ,+ + Hg-»-Hg2 

which form a covalent bond between them (Fig. 27 i). 

2H g ++ + 2< - [Hg: Hg) ++ or [Hg-Hg)^ 

. « • j rt„ r*i u an insoluble, white, crystalline sub* 

«*•— - . . 

curous nitrate solution: 

Hg2 ++ + 2C1- —*• HgiCU \ 

I, is used in medicine under the name «W. The mercurous chlor.de 


Hg 


-Cl: 


molecule has the linear covalent structure : Cl ■ Hg 

(F The 27 p’recipitation of mercurous chloride and its change in color front 
whT,^ bui on addition of —^m 

d' v ‘ded mercury (black) 
and mercuric aminochloride (white) by an auto-ox.dat.on-reduct.on 
reaction: 

HgjCI; + 2NH, — Hg | + HgNH,a * + NH,+ + Cl" 
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Mercurous sulfide, Hg 2 S, is unstable, and when formed as a brownish- 
black precipitate by action of sulfide ion on mercurous ion it immedi¬ 
ately decomposes into mercury and mercuric sulfide: 

Hg 2 ++ + S— —Hg 2 S | Hg | + HgS \ 

27-12. Gallium , Indium , and Thallium 

The elements of group Illb, gallium, indium, and thallium, arc very rare and have 
small practical importance. Their principal compounds represent oxidation state +3; 
thallium also forms thallous compounds, in which it has oxidation number +1. Gallium 
is liquid from 29° C, its melting point, to 1,700° C, its boiling point. It has found use 
as the liquid in quartz-tube thermometers, which can be used to above 1,200° C. 

27-13. Germanium 

The chemistry of germanium, a moderately r are and unimportant clement, is similar 
to that of silicon, which is discussed in Chapter 30. Most of the compounds of germanium 
correspond to oxidation number +4; examples arc germanium tetrachloride, GeCI«, 
a colorless liquid with boiling point 83° C, and germanium dioxide, GeO*, a colorless 
crystalline substance melting at 1,086° C. 

The compounds of germanium have found little use. The element itself, a gray metal¬ 
loid, is a poor conductor of electricity. It has the property, when alloyed with very small 
amounts of other elements, of permitting an electric current to pass only one way through 
its surface, in contact with a small metal wire. This rectifying power, which is superior 
to that of other crystals, has caused the substance to find much use in recent years ir. 
special pieces of apparatus, such as radar. It is also the basis of the transistor, a simple 
apparatus for amplifying minute currents of electricity, which can replace the ordinary 
vacuum tube for such purposes. 


27-14. Tin 

Tin is a silvery-white metal, with great malleability, permitting it to be 
hammered into thin sheets, called tin foil. Ordinary white tin t with 
metallic properties, has the unique crystal structure shown in Figure 
25-3, in which each atom is surrounded by six nearest neighbors. White 
tin slowly changes at temperatures below 18° C to a non-metallic allo- 
tropic modification, gray tin y which has the diamond structure, each 
atom having four neighbors, to which it is held by single covalent bonds. 
At very low tempefaturcs, around —50° C, the speed of this conversion 
is sufficiently great so that metallic tin objects sometimes fall into a 
powder of gray tin. This phenomenon has been called the “tin pest.” 

Tin finds extensive use as a protective layer for mild steel. Tin plating 
is done by dipping clean sheets of mild steel into molten tin, or by 
electrolytic deposition. Copper and other metals are sometimes also 
coated with tin. 
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[§27-/4] Tin 

The principal alloys of tin are bronze (tin and copper), soft solder 
(50% tin and P 50% lead), pewter (75% tin and 25% lead), and brUannta 

metal (tin with small amounts of antimony and c °PF* r >- 

Tin is reactive enough to displace hydrogen from dilute acids, bu 

it does not tarnish in moist air. It reacts with warm hydrochloric acid 

,i -j c n pi and hvdroeen, and with hot con- 
to produce stannous chloride, SnCU, and , f 

cen,rated sulfuric acid to produce stannous sulfate, SnSO.. and sullu 
dioxide, the equations for these reactions being 
Sn + 2HC1 —*- SnClj + H» f 

Sn + 2H,SO, —*- SnSO, + SO s t + 2H ’° 

With cold dilute nitric acid it forms stannous nitrate, and wuh concen- 
trated nitric acid it is oxidized to a hydrated stannic acid, H : SnO s . 

S The stannous ion is an active reducing agent, which is easily °xidi 
toTtannic chloride, SnCl„ or, in the presence of excess chloride ion, 

,o ^2 
anc^sLiii^c^cit^ h'sti(OH)«! Sodiujn'$tannate^NajSn'(Odi)i!,Contains 

EE 

totted with ammonium sulfate solution. This treatment causes hydrated 

hydroxide solution to stann H) - when a solution containing 

alkali nroducing the stannite ion, onvv_jnj3 • 

stannite ion is boiled an auto-oxidation-reduction reaction occurs^ with 

deposition of metallic tin and production of the stannate ion, Sn(OH). . 
2Sn(OH),- —*- Sn } + Sn(OH).' 

Stannou. sulfide, SnS, is obtained as a dark-brown preapuat.= by 
addition of hydrogen sulfide or sulfide ion to a solution of a stannou. 
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salt. Stannic sulfide, SnS_., is formed in the same way from stannic 
solution; it is yellow in color. Stannic sulfide is soluble in solutions of 
ammonium sulfide or sodium sulfide, producing the sul/ostanna/e ion , 
SnSj . Stannous sulfide is not soluble in sulfide solution, but is easily 
oxidized in the presence of polysulfide solutions to the sulfostannate ion. 
These properties are used in the scheme of qualitative analysis. 


27-15. Lead 

Lead is a soft, heavy, dull-gray metal with low tensile strength. It is 
used in making type, for covering electric cables, and in many alloys. 
The organic lead compound lead tetraethyl, Pb(CjIL) 4 , is added to 
gasoline to prevent knock in automobile engines. 

Lead forms a thin surface layer of oxide in air. This oxide slowly 
changes to a basic carbonate. Hard water forms a similar coating on 
lead, which protects the water from contamination with soluble lead 
compounds. Soft water dissolves appreciable amounts of lead, which is 
poisonous; for this reason lead pipes cannot be used to carry drinking 
water. 

There .ire several oxides of lead, of which the most important arc 
lead monoxide (litharge). PbO, minium or red lead, Pb 3 0,, and lead 
dioxide, Pb( )... 

Litharge is made l>v heating lead in air. It is a yellow powder or 
yellowish-red crystalline material, used in making lead glass and for 
prep, 11 ing compounds of lead. It is amphoteric, dissolving in warm 
sodium hydroxide solution to produce the p/umhite ion, Pb(OH) 4 "”. 
Ked lead. I'!>.,< ) 4 . c an be made by healing lead in oxygen. It is used 
in glass-making, and for making a red paint for protecting iron and 
steel Mi in lures. 

L« .id dioxide*, 1M>( ) : . is a brown substance made by oxidizing a solu¬ 
tion ol •odium plumbiie. Na-Pb(OH)i. with hypochlorite ion. or by 
anodic oxidation of lead sulfate. It is soluble in sodium hydroxide and 
potassium hydroxide, forming the ht \oh\dtoxxp!timbale ion, Pb(OH)if“. 

I lie prim ip. 1 1 use of lead dioxide is in the lead storage battery (('.hap. 13). 

Lead nitrate, PI»i is a while* c rystalline substance made by 

dissolving l«\ul. lead monoxide, or lead carbonate in nitric acid. Lead 
carbonate, !’b(occurs in nature as the mineral cerussite. It appears 
.in i precipitate when ;i solution eont.lining the hydrogen carbonate 
inn. H< ’< V, . is added to lead nitrate solution. With a more basic car¬ 
bon lie solution a basic carbonate of lead. Pb a (C )H) : (C0 3 ):. is deposited 
I ins basil salt. • ailed white lead, is used as a white pigment in paint 
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For this use it is manufactured by methods involving the oxidation of 
lead by air, the formation of a basic acetate by interaction with vinegar 
or acetic acid, and the decomposition of this salt by carbon dioxide. 
Lead chromate, PbCrO«, is also used as a pigment, under the name 


chrome yellow. 

Lead sulfate, PbSO„ is a white, nearly 
precipitation is used as a test for either lead ion 
cal chemistry. 


insoluble substance. Its 
or sulfate ion in analyti- 


Exercises 

27.1. What is the electronic structure of the Ag+ ion? of the Cu++ ion? 

27-2. What arc the constituents of brass? of bronze? 

„ 3 In which form does copper exist in a cupric sulfate solution? in a strong hy- 
drochloric acid solution? in an ammoniacal solution? added as cupric sulfate 
to a solution of potassium iodide? in a solution of potass,urn cyan.de. 

27-4 Under what conditions can cuprous compounds or solutions be prepared? 

27-5. Under what condition, can dilute sulfuric acid dissolve copper? Write an equa- 
tion for the reaction. 

27-6. De^ribe a simple test to show that silver iodide is less soluble than silver chlo- 
ride. 

27-7. What is the structure of the complexes of univalent silver and gold. 

27-8. How can you prepare a compound of tervaknt gold? 

27-9. What is the weigh, of gold in an 18-cara. gold ring we.gh.ng 10 g. 

27-10. What weigh, of copper would be deposited from a cupric sulfate solution by 
the passage of 3,214 coulombs of electricity. 

27-11. Write the equation for 

£JS£--M"*™ —- - 

27-12. Compare the electronegative character of sine, cadmium, mercury, and the 
alkaline-earth metals. 

“ sss.-ssssrars: sar* " 

pure constituents. 

27-15. Is mercuric nitrate soluble in pure water? 

27-16. Compare the properties of NaCl. HgCl,. and CGI.. 

if mrrrurv were shaken with a solution of mercuric chlo- 
27-17. What would happen if mercury were 

ride? 
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27-18. What would happen if mercury were shaken with a dilute solution of sulfuric 
acid? 

27-19. Compare the stabilities of zinc oxide and mercuric oxide. 

27-20. Write the equation for the reaction of zinc in moist air, to form a film of basic 
zinc carbonate, Zn 2 COa(OH)j. 

27-21. A sample of mercuric*oxide weighing 2.000 g is strongly heated in a test tube 
and the volume of oxygen evolved is measured. What would be the predicted 
volume of the evolved gas if the atmospheric pressure was 745 mm of mercury, 
the temperature was 23.5° C, and the gas was collected over water? 

27-22. Describe the electronic structure of the mercurous ion, the mercuric ion, the 
mercurous chloride molecule, and the mercuric chloride molecule. Compare the 
total number of electrons surrounding each mercury atom with the number 
in the nearest noble gas. 

27-23. Write the equation for the reaction of zinc with hydrochloric acid. Would 
you expect zinc to dissolve in a concentrated solution of sodium hydroxide? 
If so, write the equation for this reaction. 

27-24. How is the occurrence of “tin pest” related to the position of tin in the periodic 
system? 

27-25. How would you prepare KjSnCU from an aqueous solution of SnCl 2 ? 

27-26. Complete and balance the chemical reaction 
SnS + $— + Of —>- 

27-27. Compare the amphoteric properties of the bivalent and the quadrivalent states 
of tin and lead. 

27-28. Compare the relative stabilities of the bivalent and the quadrivalent states of 
tin and lead; of the zero-valent and quadrivalent states. 

27-29. What chemical reaction takes place when tin is treated with hot nitric acid? 
with hot sulfuric acid? with hot hydrochloric acid? Which of these acids do you 
suppose will react with lead? 

27-30. How would you prepare K 2 Pb(OH) 4 from an aqueous solution of lead chloride? 



Chapter 28 


Organic Chemistry 


28-1 The Nature and Extent of Organic Chemistry 

Many of these substance fmanufactured) by chemists in the 

many more have been synthesized (manufactured; y 

laboratory. rh , Dt cr (dealing with biochemistry) 

In this chapter and the follow.ngchapter (dca, g of organ ic 

we shall discuss a few of these com^und, S^era g P me ,hod, of 

chemistry will not be ‘‘““^.^^'Smpounth. the meth- 

iSl^rnaSis^nd^cwrmination of structure, and the methods of syn- 

of these ways is to'begin the -iw a , properties. This plant 

such as a P lant » “ brcn found by the natives of a tropical region 

might, for example, ha . • chemist then proceeds 

» h beneficial in .he ,neh ai ..eohol 

to make an extract from P » of ra|ioPi to divide the extract 
or ether, and, by various ' stu dy is made to see which 

into fractions. After cac rar i Finally this process may be 

fraction still contains the ^ J^’^ve substance is obtained. The 
carried so far that a pur and determines its moleeu.ar 
chemist then ana^zes arc contained in the molecule 

weight, in order .o> igatcs thc chcm ical properties of the 

Tlecu.es Lo smaller molecules of known sub- 
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stances, in order to determine its molecular structure. When the struc¬ 
ture has been determined, he attempts to synthesize the substance; if 
he is successful, the active material may be made available in large 
quantity and at low cost. 

The other way in which organic chemists work involves the synthesis 
and study of a large number of organic compounds, and the continued 
effort to correlate the empirical facts by means of theoretical principles. 
Often a knowledge of the structure and properties of natural substances 
is valuable in indicating the general nature of the compounds that are 
worth investigation. The ultimate goal of this branch of organic chem¬ 
istry is the complete understanding of the physical and chemical prop¬ 
erties, and also the physiological properties, of substances in terms of 
their molecular structure. At the present time chemists have obtained a 
remarkable insight into the dependence of the physical and chemical 
properties of substances on the structure of their molecules. So far, 
however, only a small beginning has been made in attacking the great 
problem of the relation between structure and physiological activity. 
This problem remains one of the greatest and most important problems 
of science, challenging the new generation of scientists. 

28 - 2 . The Simplest Organic Compounds: the Hydrocarbons 

The hydrocarbons are compounds containing only carbon and hydrogen 
atoms. The simplest hydrocarbon is methane, CH*. Its molecules are 
tetrahedral, the four hydrogen atoms lying at the comers of a regular 
tetrahedron around the carbon atom, and connected with the carbon 
atom by single bonds. Methane is a gas, which occurs in natural gas, 
and^is used as a fuel. It is also used in large quantities for the manufacture 
of carbon black , by combustion with a limited supply of air: 

CH< + O: —2H 2 0 4- C 

The methane burns to form water, and the carbon is deposited as very 
finely divided carbon, which finds extensive use is a filler for rubber 
for automobile tires. 

Methane is the first member of a scries of hydrocarbons having the 
general formula C„H 2n+2 , called the methane series or paraffin series. 
The first members of this series are listed below: 

Methane Series, C n H : „ +2 
Methane, CH< 

Ethane, C 2 H 6 
Propane, C 3 H 9 
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Butane, C 4 H 10 
Pentane, CgH^ 
Hexane, CeH u 
Heptane, C 7 H 16 


Octane, CgHig, ftc- 

The name “paraffin” means “having little affinity.” The co "'P° un ^ S 
of This Tries afe not very 

£“ hTacTtod bv JESS.'— *»"» 



FIG. 28-1 The structure oj the isomers 


nor null butane and isobutane. 
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H H 

\ / 

by single bonds. Ethane has the structure H—C—C—H. It is a gas 

H H 

(b.p. —88° C), which occurs in large amounts in natural gas from 
some wells. Propane, the -third member of the series, has the structure 
H H H H 

\ / V/ 

C C 

^H. It is an easily liquefied gas, and is used as a fuel. 

C 

/ \ 

H H 


The lighter members of the paraffin series arc gases, the intermediate 
members arc liquids, and the heavier members arc solid substances. 
The common name petroleum ether refers to the pcntanc-hcxane-heptanc 
mixture, used as a solvent and in dry cleaning. Gasoline is the heptane- 
to-nonanc mixture (C 7 H| 6 to C,H 2 o)» and kerosene the dccanc-to-hexa- 
decane mixture (C, 0 H» to C, 6 H 3 4). Heavy fuel oil is a mixture of paraffins 
containing twenty or more carbon atoms per molecule. The lubricating 
oils , petroleum jelly (“vaseline”), and solid paraffin are mixtures of still 
larger paraffin molecules. 

The phenomenon of isomerism is shown first in the paraffin scries 
by butane, C 4 I Ijq- Isomerism is the existence of two or more substances 
having the same composition but different properties. The d ffcrcncc 
in properties is usually the result of difference in the structure of the 
molecule—that is, in the way the atoms are bonded together. There 
are two isomers of butane, called normal butane (n-butane) and isobutane. 
These substances have the structures shown below and in Figure 28-1; 
normal butane is a “straight chain” (actually, of course, the carbon chain 
is a zigzag chain, because of the tetrahedral nature of the carbon atom), 
and the isobutane molecule contains a branched chain: 


II II II II 

\ / \ / 

c c 

/ \ / \ 

II / \ / II 

\ / \ / 

C c: 

/ \ / \ 

II II II II 


//-butane 
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H 

H 

1 

H 

| 

1 

T I 

1 

Cl __ 

_C—H 

H—C— 

— -v> 

1 

1 

1 

H 

1 

1 

H 


H—C—H 

I 



1 

H 



isobutane 


The large hydrocarbons have great numbers of isomers. 

Hydrocarbons Confining Double Bonds. The subs.auce e.byl.ne, 

, , _ in which there is a 

C0H4, consists of molecules ^ 

double bond between' the two Ibon 

upon the molecule the property o ^^^TSS-ine. bromine, 

srac 2 £ m 

^ ThaTu, ‘"he'chloTne molecule reacts with an ethylene molecule 
to form the substance dichlorocthanc, 

H—C—C—H 

bc£ - ju-5 - 

•;.1“ :5' S- L L first member of , b.moiogou, series of 

* 15 ^^ 22 ^ - —•—” rip ' n ' 

and it is used commercially for th.s purpose. 

„ • - „ c- V rral Double Bonds. Some important 

Hydrocarbons Containing several double bonds, 

natural products arc hydrocar ns . omatoC s called lycopene , is 

For example, the red color,n g 1 ^ T smucture shoJn in Fig- 

an unsaturated hydrocarbon, C„H S5 , witn 

ure 28-2. thirteen double bonds. It is 

.0 one another in a 
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special way they alternate regularly with single bonds. A regular 
alternation of double bonds and single bonds in a hydrocarbon chain is 
called a conjugated system of double bonds. The existence of this structural 
feature in a molecule confers upon the molecule special properties, such 
as the power of absorbing visible light, causing the substance to be 
colored. 

Other yellow and red substances, isomers of lycopene, with the same 
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formula C,„H 58) are called a-carotene, 0-earotene, and similar names. 
These substances occur in butter, milk, green leafy vegetables, eggs, 
cod-liver oil, halibut-liver oil, carrots, tomatoes, and other vegetables 
and fruits. They are important substances because they serve in the 
human body as a source of Vitamin A (see Chap. 29). 

The Acetylene Series. Acetylene, which has the structural formula 

l_j_C=C—H, is the first member of a homologous series of hydro- 

carbons containing triple bonds. Aside from acetylene these substances 
have not found wide use, except for the manufacture of other chemicals. 

Acetylene is a colorless gas, with a characteristic garl.c-l.ke odor. 
It is liable to explode when compressed in the pure state, and is usually 
kept in solution under pressure in acetone. It is used as a fuel, in the 
oxy-acetylcne torch and the acetylene lamp. 

Cyclic Hydrocarbons. A hydrocarbon whose molecule contains a ring 
of carbon atoms is called a cyclic hydrocarbon. Cyclohexane, C 6 II 12 , with 

/ C \ 

the structure T”’ representative of this class of substances. 

CH? CH, 

^CH, , . . .. 

It is a volatile liquid, closely similar to normal hexane (gasoline) in its 

^Many^mportant substances exist whose molecules contain two or 
more rings, fused together. One of these substances is p.nene, C 10 H 1S 
which is S the principal constituent of turpentine. Turpentine is an oil 
obtained by L tilling a semi-fluid resinous material that exudes from 
pine trees. The pinene molecule has the following structure: 
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Another interesting polycyclic substance is camphor, obtained by 
steam distillation of the wood of the camphor tree, or, in recent years, 
by a synthetic process starting with pinene. The molecule of camphor 


\ 



FIG. 28-3 The structure oj the camphor molecule. 

is roughly spherical in shape—it is a sort of “cage” molecule. Its struc¬ 
ture is shown in Figure 28-3. It is to be noted that camphor is not a 
hydrocarbon, but contains one oxygen atom, its formula being C l0 H lfl O: 


CH, 



H 

A hydrocarbon is obtained by replacing the oxygen atom by two hydro¬ 
gen atoms, producing the substance called camphane. Camphor is used 
in medicine and in the manufacture of plastics. Ordinary celluloid consists 
of nitrocellulose plasticized with camphor. 


Rubber. Rubber is an organic substance, obtained mainly from the 
sap of the rubber tree, Hevea brasiliensis. Rubber consists of very long 
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molecules, which are polymers of isoprene ,, C 6 H 8 . The structure of iso- 
prene is 

H H 

i i 

H—C C 

s / s 

c c:—H 

I I 

CH, H 

and that of the rubber polymer, as produced in the plant, is shown in 

F The characteristic properties of rubber arc due to the fact that it is 
an aggregate of very long molecules, intertwined with one another in a 
rather random way. The structure of the molecules is such that they 
do not tend to align themselves side by side in a regular way (that is, 
to crystallize), but instead tend to retain an irregular arrangement 
It is interesting to note that the rubber molecule contains a large 
number of double bonds, one for each C S H. residue. In natural rubber 
the configuration about the double bonds is the OS configuration, as 
shown in the structural formula in Figure 28-2. Gutta percha, a similar 
product which does not have the elasticity of rubber, contains the same 
molecules, with, however, the Uans configuration around thedouMe 
bonds. This difference in configuration permits the molecules of gutta 
pcrcha to crystallize more readily than those of rubber. 

Ordinary unvulcanized rubber is sticky, as a result of a tendency-for 
the molecules to pull away from one another, a portion of the ru 
thus adhering to any material with which it comes in contact. The 
stickiness is eliminated by the process of vulcanual.on which consists 
in heating rubber with sulfur. During this process sulfur molecules. S„ 
open up and combine with the double bonds of rubber molecules, 
forming bridges of sulfur chains from one rubber molecule to another 
rubber molecule. These sulfur bridges bind the aggregate ol rubber 
molecules together into a large molecular framework, extending through 
the whole sample of rubber. Vulcanization with a small amount of 
sulfur leads to a soft product, such as .ha, in rubber bands or (with a 
filler, carbon black or zinc oxide) in automobile tires. A much harder 

•ThU confiRuralion abou, .he double bond can be repr^en.ed b v .he formula 

x X x 

c—C , and the Irani configuration by C—C 

/ \ n x 

H H H X 
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materia], called vulcanite, is obtained by using a larger amount of 
sulfur. 

The modem materials called “synthetic rubber” are not really 
synthetic rubber, since they are not identical with the natural product. 
They are, rather, substitutes for rubber—materials with properties and 
structure similar to but not identical with those of natural rubber. 
For example, the substance chloroprene, C 4 H 6 C1, with the structure 

H H • 

I 1 I 

H—C C 

\ /'\ 

C C—H 

i I 

Cl H 

is similar to isoprcnc except for the replacement of a methyl group by 
a chlorine atom. Chloroprene polymerizes to a rubber called chloroprene 
rubber. It and other synthetic rubbers have found extensive uses, and 
are superior to natural rubber for some purposes. 


Benzene and Other Aromatic Hydrocarbons. An important hydro¬ 
carbon is benzene, which has the formula C«H«. It is a volatile liquid 
(b.p. 80° C), which has an aromatic odor. Benzene and other hydro¬ 
carbons similar to- it in structure are called the aromatic hydrocarbons. 
Benzene itself was first obtained by Faraday, by the distillation of coal. 

For many years there was discussion about the structure of the ben¬ 
zene molecule. The German chemist August Kekul6 suggested that the 
six carbon atoms form a regular planar hexagon in space, the six hy¬ 
drogen atoms being bonded to the carbon atoms, and forming a larger 
hexagon. Kckulc suggested that, in order for a carbon atom to show its 
normal quadrivalence, the ring contains three single bonds and three 
double bonds in alternate positions, as shown below. A structure of 
this sort is called a Kckulc structure. 


H 

I 

H C H 

\ / s / 

c c 

II I 

c c 

/ \ ✓ \ 

H C H 


H 

I 

H C H 

\ ✓ \ / 
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I II 
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Other hydrocarbons, derivatives of benzene, can be obtained by 
replacing the hydrogen atoms by methyl groups or similar ^-oups. 
Coal tar and petroleum contain substances of this sort, such as toluene, 
C^Hs, and the three xylenes, C*H 10 . These formulas are usually written 
C 6 H 5 CH 3 and C c H 4 (CH 3 ) 2 . to indicate the structural, formulas, as 

shown below. 

CH. 

0 ‘- 

CH* 

Para-xylene 
tp-xylene) 

In these formulas the benzene ring of six carbon atoms is shown 
simply as a hexagon. This convention is used by organic chcm.st^who 
often also do not show the hydrogen atoms, but only other gro^s 

“Tilt, be notXat we can draw two Kekule struc ‘“ res ^be^ene 
and its derivatives. For example, for ortho-xylene the two Kekul* 

structures arc 
CH. 

iCH* 


CH* 

CH* 

CH. 


H [ 

^.CH. 

H r 

l H 

:LJh 

hL 

> 


JCH* 

H 

H 

H 

Toluene 

Ortho-xylene 

(o-xylene) 

Meta-xylene 

(m-xylene) 



CH* 

O* 

tad in .hi' [Luton Th. organic chcn,U« of a con.nr y ago onnd .t 

impossible, however, to separate two substances, 

to these formulas. In order to expla.n this apparent .mposs.b.l.ty of 
separation Kekul6 suggested that the molecule does not retain one 
Kckuli structure, but rather slips easily from one to the other. The 
modern theory of molecular structure says .ha, these two^Xrote 
no, correspond to separate forms of ortho-xylene, and that net,her one 
alone repr«en,s the molecule satisfactorily ; instead, the ^tual s^teture 
of the ortho-xylene molecule is a hybrid of these two structures w£ 
each bond between two carbon atoms in the ring mtermedtate m char 
acter between a single bond and a double bond. Even though h 
resonance structure is accepted for benzene and related compounds t .s 
often convenient simply to draw one of the Kekule structures, or just a 

hexagon, to represent a benzene molecule. , 

Benzene and its derivatives are extremely important substances. They 
are used in the manufacture of drugs, explosives, photograph.c develop- 
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ers, plastics, synthetic dyes, and many other substances. For example, 
the substance trinitrotoluene, C«H*(CHa)(NOi)j, is an important ex¬ 
plosive (TNT). The structure of this substance is 

CHa 

NOa 

In addition to benzene and its derivatives, there exist other aromatic 
hydrocarbons, containing two or more rings of carbon atoms. Naphtha¬ 
lene, C 10 H 8 , is a solid substance with a characteristic odor; it is used as 
a constituent of moth balls, and in the manufacture of dyes and other 
organic compounds. Anthracene, CuH| 0 , and phenanthrene, C u Hio, 
are isomeric substances containing three rings fused together. These 
substances are also used in making dyes, and derivatives of them are im¬ 
portant biological substances (cholesterol, sex hormones; see Chap. 29). 
The structures of naphthalene, anthracene, and phenanthrene are the 
following: 



Naphthalene Anthracene Phenanthrene 


These molecules also have hybrid structures: the structures shown 
do not represent the molecules completely, but are analogous to one 
Kekule structure for benzene. 

28 - 3 . Alcohols and Ethers 

An alcohol is obtained from a hydrocarbon by replacing one hydrogen 
atom by a hydroxyl group, —OH. Thus methane, CH 4 , gives methyl 
alcohol, CH3OH, and ethane, C*H 6 , gives ethyl alcohol, CsHsOH. 
The names of the alcohols are often written by using the ending ol\ 
methyl alcohol is called methanol, and ethyl alcohol ethanol. 

Methyl alcohol is made by the destructive distillation of wood; it is 
sometimes called wood alcohol. It is a poisonous substance which on 
ingestion causes blindness and death. It is used as a solvent, and for 
the preparation of other organic compounds. 

The most important method of making ethyl alcohol is by the fer- 
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mentation oT sugars with yeast. Grains and molasses are the usual raw 

materials for this purpose. . _ 

Alcohols containing two or more hydroxyl groups attached to dif¬ 
ferent carbon atoms can be made. D.ethylene glycol, CH,OH, is used 


ch 2 oh 

as a solvent and as an anti-freeze material for automobile radiator* 
Glycerol (glycerin), C,H s (OH) 3 , is a tr.hydroxypropane, with the 

structure 

H 

H-C-OH 

I 

H—C—OH 
H—C—OH 

I 

The Irs are compounds obtained by condensationofalcoholswith 

sulfuric acid, which serves as a dehydrating agent. 

2CjH 4 OH —CjHsOCjHj + HiO 

bactericidal agent, used, as a disinfectant (carbohc acid). 


28 - 4 . Aldehydes and Ketones 

• .v —C^ and the ketones contain the 

The aldehydes contain the group ♦ 

O 


carbonyl group, \>=0. The simplest aldehyde is formaldehyde, 

which can be mai by passing methyl alcohol vapor and air over a 
heated metal catalyst: 
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2CH 3 OH 0 2 —>- 2HCHO + 2H 2 0 


H 


\ 


The structural formula of formaldehyde is- C=0. This substance 

H 

is a gas with a sharp irritating odor. It is used as a disinfectant and 
antiseptic, and in the manufacture of plastics and of leather and arti¬ 
ficial silk. 

Acetaldehyde, CH 3 CHO, is a similar substance made from ethyl 
alcohol. 

The ketones are closely similar in structure: whereas an aldehyde 
contains a carbonyl group with an alkyl group and a hydrogen atom 
attached (or two hydrogen atoms, in the case of formaldehyde), the 
ketones contain a carbonyl group with two hydrocarbon groups at¬ 
tached. The ketones are effective solvents for organic compounds, and 
are extensively used in chemical industry for this purpose. Acetone, 
(CH 3 ) 2 CO, which is dimethyl ketone, is the simplest and most im¬ 
portant of these substances. It is a good solvent for nitrocellulose. 

28 - 5 . The Organic Acids and Their Esters 

The organic acids represent a still higher stage of oxidation of hydro¬ 
carbons than the aldehydes and ketones - namely, the stage of oxidation 

O 

/ 

to a molecule containing a group C* . I his group is called the 

OH • 

carboxyl group. It has the properties of a weak acid; the extent of ionization 
of the carboxyl group in most organic acids is such as to correspond to an 
equilibrium constant (acid constant) of about 1 X 10 “ 4 or 1 X 10” 5 . 

The simplest organic acid is formic acid, HC-OOH. It can be made 
by distilling ants, and its name is from the Latin word for ant. 

Acetic acid, the second member of the homologous series of car¬ 
boxylic acids, has the formula CH 3 COOH and the following structure: 
OH 


II G-=0 

\ / 

O 

/ \ 

H H 


It is the acidic constituent of vinegar. Vinegar is produced by the at- 
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mospheric oxidation of the ethyl alcohol present in hard cider,. under 
the catalytic influence of enzymes produced by appropna.e bactena. 

The next two acids in the series are prop.on.c acid, CH 3 CH,COOH, 
and butyric acid, CH a CH,CH,COOH. Butyric ac.d is the pnnc.pal 
odorous substance in rancid butter. 

Some of the important organic aetds ^curnng J.: h^carbon 
in which there ,s a carboxy 1 group^ J* acid , C l7 H»COOH, 

chain. Palmitic acid, 16 31 . ’ *j p h POOH is similar to 

'zzszi x ~ .-ascssL- - o ( *. 

carbon atoms m thc^cham ^ substance which occurs in 

f. ‘SSfc **» groups b on„ca «, 

gethor: 

HO OH 

w 

✓ V 

o O OH 

. ^ . ii r'- (' POOH, contains 

Lactic acid, having the structural formula H, - 

H 

n . earl jowl «roup; it is a hydroxy propionic 

r n milk SU 

St^u'^droxydicarl.xylic acid, with the structural 
formula 

H 

llO-c- c:oc>H 

I 

HO—C—POOH 


H 

Citric acid, which occurs in 
acid, with the formula 

H 

hc-cooh 

ho-c-cooh 


the citrus fruit**. i> hydros*t 


i i< .n l *»iwin 
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Esters are the products of reaction of acids and alcohols. For example, 
ethyl alcohol and acetic acid react with the elimination of water to 
produce ethyl acetate: 

C^HbOH + CH 3 COOH —>• H 2 0 -f- CHbCOOCsHb 

Ethyl acetate is a volatile liquid with a pleasing, fruity odor. It is 
used as a solvent, especially in lacquers. 

Many of the esters have pleasant odors, and are used in perfumes 
and flavorings. The esters are the principal flavorful and odorous con¬ 
stituents of fruits and flowers. 

The natural fats and oils are also esters, principally of the trihydroxy 
alcohol glycerol. Animal fats consist mainly of the glyceryl esters of 
palmitic acid and stearic acid. Glyceryl oleate, the glyceryl ester of 
oleic acid, is found in olive oil, whale oil, and the fats of cold-blooded 
animals; these fats tend to remain liquid at ordinary temperatures, 
whereas glyceryl palmitate and glyceryl stearate form the solid 
fats. 

• Esters can be decomposed by boiling with strong alkali, such as 
sodium hydroxide. This treatment forms the alcohol and the sodium 
salt of the carboxylic acid. When fat is boiled with sodium hydroxide, 
glycerol and sodium salts of the fatty acids, sodium palmitate, sodium 
stearate, and sodium oleate, arc formed. These sodium salts of the fatty 
acids are called soap. Soap made from wood ashes and fat (soft soap ) 
contains the potassium salts of the fatty acids. 


28 - 6 . Amines and Other Organic Compounds 

The amines are derivatives of ammonia, NH 3 , obtained by replacing 
one or more of the hydrogen atoms by organic radicals. The lighter 
amines, such as methylamine, CH 3 NH 2 , dimethylamine, (CH 3 ) 2 NH, 
and trimethylamine, (CH^sN, are gases. Trimethylamine has a pro¬ 
nounced fishy odor, and many other amines also have disagreeable 
odors. 

Aniline is aminobenzene, C&H$NH 2 . It is a colorless, oily liquid, 
which on standing becomes dark in color, because of oxidation to 
highly colored derivatives. It is used in the manufacture of dyes and 
other chemicals. 

The halogen derivatives of hydrocarbons have some important uses. 
Four chlorine derivatives of methane can be made, by replacement of 
successive hydrogen atoms by the halogen: 
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H Cl H Cl H Cl 

\ / \ / v 

c c 

H H H Cl Cl Cl 
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Monoc Moronic thane 
or m*lhyl chlonde 


Dichlocomethane 
or methylene 
chloride 


Trichloro- 
methane or 
chloroform 


Cl Cl 

\ / 
c 

/ \ 

Cl Cl 

Tetrachloro- 
methane or _ 
carbon tetrachloride 


Chloroform and carbon tetrachloride are used as solvents; carbon 
tetrachloride is an important dry-cleaning agent. Chloroform is also 
used as a general anesthetic. 

Care must be taken in the use of carbon tetrachlor.de that no large 
amount of its vapor is inhaled, because it damages the liver. 

The compound iodoform, CHI* U a yellow solid substance^winch 
finds some use as a disinfectant and antiseptic, especially for the treat- 

m Many^ublunces which occur in plant and animal tissues are com- 
pounds of nitrogen. One of these, urea is the principal 
product of metabolism in the animal body (Chap. 29). Urea has 
formula (NH*)*CO, its structural formula being 


H 2 N 


H,N 


\ 

/ 


0=0 


formula (no, .howing tfm .p«U conBgur.uon 
of bonds around the four central carbon atoms) is 

rrrr^ 

OH OH OH OH OH O 

The molecule thus contains five hydroxyl groups and one aldehyde 

^Ordinary sugar, obtained from sugar cane and sugar beets, is sucrose 
C H O The molecules of sucrose have a complex structure, consisting 
of“”: ring^ach containing one oxygen atom), held together by bonds 
to an oxygen atom as shown in Figure 28 - 2 . 
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Many other simple carbohydrates occur in nature. These include 
fructose (fruit sugar), maltose (malt sugar), and lactose (milk sugar). 

Important polysaccharides include starch , glycogen , and cellulose. Starch, 
(CfiHxoOj),, occurs in plants, mainly in their seeds or tubers. It is an 
important constituent of foods. Glycogen, (C 6 Hi 0 O 5 ) x , is a substance 
similar to starch which occurs in the blood and the internal organs, 
especially the liver, of animals. Glycogen serves as a reservoir of readily 
available food for the body; whenever the concentration of glucose in 
the blood becomes low, glycogen is rapidly hydrolyzed into glucose. 

Cellulose, which also has the formula (CcHioOi),, is a stable poly¬ 
saccharide which serves as a structural clement for plants, forming the 
walls of cells. Like starch and glycogen, cellulose consists of long mole¬ 
cules which contain rings of atoms held together by oxygen atoms, in 
the way shown in Figure 28-2 for the two rings of sucrose. 

The sugars have the properties of dissolving readily in water and of 
crystallizing in rather hard crystals. These properties are attributed to 
the presence of a number of hydroxyl groups in these molecules, which 
form hydrogen bonds with water molecules and (in the crystals) with 
each other. 

28 - 7 . Fibers and Plastics 

Silk and wool arc protein fibers, consisting of long polypeptide chains 
(see Chap. 29). Cotton and linen are polysaccharides (carbohydrates), 
with composition (C!cH l0 Oi) x . These fibers consist of long chains made 
from carbon, hydrogen, and oxygen atoms, with no nitrogen atoms 
present. 

In recent years synthetic fibers have been made, by synthesizing long 
molecules in the laboratory. One of these, which has valuable prop¬ 
erties, is nylon. It is the product of condensation of adipic acid and 
diaminohexane. These two substances have the following structures: 

H II H II II H H H H H 

C o' cool i c c c: N 

/ \ /• , / \ * / 

Hoot/ c 11-N c c o 

II II II II II II II II II II 

A<li|iir j. i«l I 

Adipic acid is a chain of four methylene groups with a carboxyl group 
.it each end, and diaminohexane is a similar chain of six methylene 
groups with an amino group at each end. A molecule of adipic acid 
can react with a molecule of diaminohexane in the following way: 
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If this process is continued, a very long molecule can be made, in which 
the adipic acid residues alternate with the diaminohcxanc residues. 
Nylon is a fibrous material which consists of these long molecules in 

approximately parallel orientation. 

Other artificial fibers and plastics arc made by similar condensation 
reactions. A thermolabile plastic usually is an aggregate of long molecules 
of this sort which softens upon heating, and can be molded into shape. 
A thermosetting plastic is an aggregate of long molecules containing some 
reactive groups, capable of further condensation. When this material is 
molded and heated, these groups react in such a way as to tie the mole¬ 
cules together into a three-dimensional framework, producing a plastic 
material which cannot be further molded. 

With a great number of substances available for use as his starting 
materials, the chemist has succeeded in making fibers and plastics which 
are for many purposes superior to natural materials. This field of chem¬ 
istry, that of synthetic giant molecules, is still a new field, and we may 
look forward to further great progress in it in the coming years. 


Exercises 


28-1. 

28-2. 

28-3. 

28-4. 

28-S. 

28-6. 

28-7. 


What is the difference in the structures of the saturated and the unsaturated 
hydrocarbons? 

How many isomers of pentane, C>H|,, can you draw? 

Wltai do you .oppose the structure of cyclopentane. C.H, 0 , is? How many 
isomers of this substance can you draw? 

How does a study of the properties of or.I.o-xylene pertain to the question of 


he structure of benzene? 

What is the oxidation number of carbon in each of the following compounds: 
^H., CH.OH, CHiOCHi, H,CO. HCOOH, CO,? Name these compounds, 
md draw their structural formulas. 

Which do you think is the more soluble in water, sodium pal.nilatc or ethyl 


palmitate? in benzene? 

Which do you think is the more soluble in water, acetic acid or stearic acid? 


28-8. In what ways docs the reaction 

CiH.OH 4- CH.COOH —*- H-O + CH.COOC^H, 

differ from the neutralization of aeetie aeid with sodium hydroxide? 
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28-9. Write the chemical reaction for the preparation of soap. 

28-10. What relation is there between sugar, glycogen, and starch? 
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, • ct..Hv of the chemical composition and structure of 

substances that interact with dcvc i opc d into an im- 

During the past century btochjn^l ^ J Umited ^ ^ 

portant branch of science. survcy of , his interes ,ing subject, 

S con-, «“> * 

discussion of a few of its aspects. 

29-1 . The Nature of Life 

AU of our ideas about iife ^ 

distinguishes a living organism, su ^ ^ ^ piccc of gra nite? We 
or a plant, from an inanim J ’ h sevc ral attributes that arc 
recognize that the P ,.an, ,has, in general, the power 
not possessed by the rock, ne p which arc sufficiently 

of reproduction-the power ° ring to the same species of 

similar to itself to be rccog d ^ invo , vcs chcmica l reac- 

S5 - 

" - continue throughout its 
Hf Aslant or animal in genera, has the ability of ingesting certain 

dead organism., a, well a. of living organs. 
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materials, foods, subjecting them to chemical reactions, which usually 
involve the release of energy, and secreting (eliminating) some of the 
products of the reactions. This process, by which the organism makes 
use of the food which it ingests by subjecting it to chemical reaction, is 
called metabolism. 

Most plants and animals have the ability to respond to their environ¬ 
ment. A plant may grow toward the direction from which a beam of 
light is coming, in response to the stimulus of the beam of light, and an 
animal may walk or run in a direction indicated by increasing intensity 
of the odor of a palatable food. 

In order to illustrate the difficulty of defining a living organism, let 
us consider the simplest kinds of matter that have been thought to be 
alive. These are the plant viruses , such as the tomato bushy stunt virus, 
of which an electron, micrograph has been shown as Figure 2-20. These 
viruses have the power of reproducing themselves when in the appropri¬ 
ate environment. A single molecule (individual organism) of tomato 
bushy stunt virus, when placed on the leaf of a tomato plant, can cause 
the material in the cells of the leaf to be in large part converted into 
replicas of itself. This power of reproduction seems, however, to be the 
only characteristic of living organisms possessed by the virus. After the 
particles arc formed, they do not grow. They do not ingest food nor 
carry on any metabolic processes. So far as can be told by use of the 
electron microscope and by other methods of investigation, the individ¬ 
ual particles of the virus arc identical with one another, and show no 
. change with time—there is no phenomenon of aging, of growing old. 
The virus particles seem to have no means of locomotion, and seem not 
to respond to external stimuli in the way that large living organisms do. 
But they do have the power of reproducing themselves. 

Considering these facts, should wc say that a virus is a living organ¬ 
ism, or that it is not? At the present time scientists do not agree about 
the answer to this question—indeed, the question may not be a scientific 
one at all, but simply a matter of the definition of words. If wc were to 
define a living organism as a material structure with the power of repro¬ 
ducing itself, then we would include the plant viruses among the living 
organisms. If, however, we require that living organisms also have the 
property of carrying on some metabolic reactions, then the plant viruses 
would be described simply as molecules (with molecular weight of the 
order of magnitude of 10,000,000) which have such a molecular struc¬ 
ture as to permit them to catalyze, in a proper medium, a chemical 
reaction or reactions leading to the synthesis of molecules identical with 
themselves. 



[§ 29-2] The Slrurliire of Uving Organism* * 01 

29-2. The Structure of Living Organisms 

Chemical investigation of the plant viruses has shown that.they consist 
largely of the materials called proteins, the nature ot wh.ch ts discussed 
inlhJ following section. The giant virus parades or molecules, w.th 
molecular weigh, of the order of magnitude of 10 . 000 , 000 , may perhaps 
be described as aggregates of smaller molecules, tied together in a deli- 
However, 'very li.Uc is known about the "-re of these 
structures Investigation with the electron microscope has shown that 
the plant-virus molecules have definite size and shape, but has 
,rivcn any evidence about their internal structure. 

On the other hand, the animal viruscs-viruscs wh.ch grow on am- 
tissues—arc seen in the electron microscope to have a delmite 

Ss S=SKESS£s 

remaining material. bacteria, consist of single 

microscope, having a dialer ^ ^ J> 

be much bigger, as large as a ^ of n (f „ wa // t a few hundred 

have a well-organized strum. , " n< los( . d a semi-fiuid material 

Angstroms in thickness, within which cn wn , lhc 

called cytoplasm, and often other siruiiurc^ j of aggregates of 

microscope. Other plants ‘jorganis^The mus- 

cells, which may Ik of m.m> i tendons, connective tissues, 

clcs, blood-vessel and lymph-ves. ^ ^ comis , of cc „ s attached 

nerves, skin and oilher P" s of s , ructurc . In addition, there 

to one another to constitute a . s , ructurc but float around 

are many cells tha, are no, attached to .h s uuc <ed lts 

in the body fluid, Most numerous amo^these^, ^ ^ / ^ 

of the blood. The re rorp “p Q ^ (hick The number of red cells 
70,000 A in diameter and lO.OOOA^ ^ ^ $ rcd cclls per 

"S 'a. • a mm contams 

JiV redccllslnhis are ma — 

Lrnl of them small, like the red cells, and some somewhat larger a 
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single nerve cell may be about 10,000 A in diameter and 100 centimeters 
long, extending from the toe to the spinal cord. The total number of 
cells in the human body is about 10 14 . The amount of organization in the 
human organism is accordingly very great. 

The human body does not consist of cells alone. In addition there 
arc the bones , which have been laid down as excretions of bone-making 
cells. The bones consist of inorganic constituents, calcium hydroxyphos- 
phatc, Ca s (POi):iOH, and calcium carbonate, and an organic con¬ 
stituent, collagen , which is a protein. The body also contains the body 
fluids blood and lymph, as well as fluids which arc secreted by special 
organs, such as saliva and the digestive juices. Very many different 
chemical substances arc present in these fluids. 


1 he structure of cells is determined by their framework materials, 
which constitute the cell walls and, in some cases, reinforcing frame¬ 
works within the cells. In plants the carbohydrate cellulose, described 
in the preceding chapter, is the most important constituent of the cell 
walls. In animals the framework materials are proteins. Moreover, the 
cell contents consist largely of proteins. For example, a red cell is a 
thin membrane enclosing a medium which consists of 60% water, 5% 
miscellaneous materials, and 35% hemoglobin, an iron-containing pro¬ 
tein. which has molecular weight 68.000, and has the power of com¬ 
bining reversibly with oxygen. It is this power that permits the blood 
to combine with a large amount of oxygen in the lungs, and to carry 
it to the tissues, making it available there for oxidation of foodstuffs 
and body constituents. It has been mentioned earlier in this section 
that the simplest forms of matter with the power of reproducing them¬ 
selves. the viruses, consist largely of proteins, as do also the most complex 
living organisms. 


29 . 5 . Amino Acids and Proteins 


Protein* may well be considered the most important of nil the substances 
present in plants and animals. Proteins occur either as separate molc- 

10 00 n l . ,SU * "“m VCry li,rSC molccular wci 8 h '- ranging from about 
10,000 to many millions, or as reticular constituents of cells, constituting 

her structural framework (Fig. 29-1). The human body contains many 
thousands of different proteins, which have special structures that 
permit them to carry out specific tasks. 


All proteins arc nitrogenous substances, containing approximately 
\C,° nitrogen, together with carbon, hydrogen, oxygen, and often other 
elements such as sulfur, phosphorus, iron (four atoms of iron are present 
in each molecule of hemoglobin), and copper. 
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obtained from proteins / carboxvl group (this carbon 

attached to the carbon ^ atom ncx The simplcst Q f these amino 

atom is called * hc *P (NH^COOH. The othcr nalural amino acids 
acids is glycine, CH 2 (N v ^ a j, cd R in place of one of the hydrogen 

^ ,ta bcins 

sufficiently acidic so that in sou Th e carboxyl group is 

from the carboxyl group ‘ . amino group into a sub- 

*» ”"„c,u^ rf« «ioc Ld of .ho other 

.ho 
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seeds. Reference: C. /'. I fall* .1 

Am. Chen. Soc-, 71, 
( 1010 ). 
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The amino groups and carboxyl groups of most substances dissolved in 
animal or plant liquids, which usually have pH about 7, are internally 
ionized in this way, to form an ammonium ion group and a carboxyl 
ion group within the same molecule. 

There are twenty-four amino acids that have been recognized as 
important constituents of proteins. Their names are given in Table 
29-1, together with the formulas of the characteristic group R. Some 
of the amino acids have an extra carboxyl group or an extra amino 
group. There is one double amino acid, cystine, which is closely related 
to a simple amino acid, cysteine. Four of the amino acids contain hetero¬ 
cyclic rings rings of carbon atoms and one or more other atoms, in this 
case nitrogen atoms. Two of the amino acids given in the table, asparagine 
and glutamine , are closely related to two others, aspartic acid and glutamic 
acid, differing from them only in having the extra carboxyl group 

O 

changed into an amide group, C 

\ll : 

Proteins are important constituents of foods. They arc digested by 
the digestive juices in the stomach and intestines, being split in the 
process of digestion into small molecules, probably mainly the amino 
acids themselves. These small molecules arc able to pass through the 
walls of the stomach and intestines into the blood stream, by which 
they are carried around into the tissues, where they may then serve as 
building stones for the manufacture of the body proteins. Sometimes 
people who arc ill and cannot digest foods satisfactorily arc fed by the 
injection of a solution of amino acids directly into the blood stream. 

A solution of amino acids for this purpose is usually obtained by hydro¬ 
lyzing proteins. 

Although ail of the amino acids listed in Table 29-1 arc present in 
the proteins of the human body, not all of them need to be in the food. 
Experiments have been carried out which show that nine of the amino 
acids arc essential to man. These nine essential amino acids arc histi¬ 
dine lysine, tryptophan, phenylalanine, leucine, isoleucine , threonine, methionine, 
and valine. The human body seems to be able to manufacture the others, 
which arc called the non-essential amino acids. Some organisms that we 
usually consider to be simpler than man have greater powe rs than the 
human organism, in that they are able to manufacture all of the amino 
acids from inorganic constituents. The red bread mold, Neurospora, 
has this power. 
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TABLE 29-1 The Principal Am ine Acid< Occurring in Prnlcin, 

MONOAMINOMONOC.ARBOXYUC ACIDS 

Glycine, aminoacctic acid 

Alanine, a-aminopropionic acid 

Serine, a-ainino-0-hydroxypropionic acid 

Threonine, a-amino-0-hvdroxybutyric acid 


-R = -H 
—OH, 
—CH,OH 

i 

—CH 
V)H 



Methionine, 


a-amino-7-nw'thylmercaptol»utyric 


acid 


Valine, a-amino-isovaleric acid 


—CHj—CHj—S -CH, 


/CH, 

—CH 

Nt.H, 


Norvalinc, a-aminovaUric acid 


Leucine, a-amino-isocaproic acid 


Isoleucinc, a-amino-0-mcthylvalcrir acid 


Phenylalanine, a-amin«H»-plKny!.»r..pi.mir acid 

Tyrosine, a-amino-^-(para-hydroxyplu-nyl) propionic 
acid 

Cysteine, ot-amino-0-sulfhydrylpropionic acid 


—CH- -CH- -CH, 
/CH, 

—CH. -CH 

N:h, 

yCHs —CHa 
—CH 
X CH, 

H H 



-ch.-Qoh 


—CH- —SH 


MONOAMINOD1CAKBOXYLIC 

Aspartic acid, aminosuccinic acid 
Glutamic acid, a-aminoslutaric acid 


ACIDS 

—CH-—COO H 
—CH- —CH- —COOH 
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yCHr-COOH 

Hydroxyglutamic acid, a-amino-/3-hydroxyglutaric acid —CH 

\dh 


D1AMINOMONOCARROXYI.IC ACIDS 

Arginine, a-amino-3-guanidincvalcric 


acid 


, /*« 

—CH,—CH,—CH,—NH—C 

\mh. 


Lysine, a,«-diaminocaproic acid 


—CH*—CH*—CH,—CH,—NH, 


DIAMINODICARBOXYLIC ACID 


Cystine, di-/3-thio-a-aminopropionic acid 


—CH,—S-S—CH.- 


AMINO ACIDS CONTAINING HETEROCYCLIC RINGS 


Histidine, a-amino-/9-imidazolcpropionic acio 


Proline, 2-pyrrolidinccarboxylic acid* 


\ 


-CH,—C 


H H 

\ / 

N + HO 

/ \ / ✓ 

H,C C-C 

I I \ 

H,C-CH, O- 


Hydroxyprolinc, 4-hydroxv-2-pyrrolidinccarboxylic 
acid* 


H 9 

\ / 

N + HO 

/ \ / ✓ 

h 2 c c—c 

I I \ 

HC-CH, O- 


OH 


I ryptophan, a-amino-/3-indolcpropionic acidf 



CH, — 
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table 29-1 ( continued) 

AMINO ACIDS CONTAINING AN AMIDE GROUP 


Asparagine, aminosuccinic acid monoamide 


,o 


—CH,—C 




NH 2 


Glutamine, a-aminoglutaric acid monoamidc 


—CHi—CHi—C 


'-NH: 


and «■>.„ are thoae - - . 

and not just of the groups R. 

t The hexagon represents a benzene ring. 

Protein foods for man may be classed £ S! 

contain all of the essential ammo acids, an p P ^ ^ prin . 

are lacking in one or more of the csscn » int 0 f v i cw , whereas 

cipal protein in ^’^ “/^S^bones. skin, and tendons (partial 
gtlat.n, a protein obtained by bo g oduccs gelatin ) is a poor 

~ ,H~on.no. 

cept glycine can exist m two .so ^ ^ Qne anothcr exccpt for 

l (levo) and t> (dextro) f°™ s - ° attached to the a-carbon 

in which R is the methyl group. CH*- ^ of the two isom ers of 

A most extraordinary fact is th ^ found to occur in plant 

each of the twenty-four armn d ^ ^ same configU rat.on 

and animal proteins, and th hydrogen atom, carboxyl ion 

for all of these amino acA>Mh y ^ ^ re , alive to 

group, and ammonium ion g P atom This configuration is 
the group R around the alp entirely of l -amino acids. 

^ to n t »““U .. i. .H.. wo .ro 

This is a very P««l ^ and .ef,-handed molecu, 

• The term opiiccl ,o^, » u~dJo d rf rolating lhc planc of polanzal.on 

of thi. aort, because .heae m>mcn h»« > £ polarization by equal .mount, 

polarized llgh.. Two optica! 
opposite directions. The isomers arc also 


5** a 
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built of L-amino acid molecules, rather than of D-amino acid molecules. 
All the proteins that have been investigated, obtained from animals 
and from plants, from higher organisms and from very simple organ¬ 
isms—bacteria, molds, even viruses—are found to have been made of 
L-amino acids. Now right-handed molecules and left-handed molecules 
have exactly the same properties, so far as their interaction with ordi¬ 
nary substances is concerncd-they differ in their properties only when 
they interact with other right-handed or left-handed molecules. The 
earth might just as well be populated with living organisms made of 



L-Alonmc D-Alaninc 


FIG. 29-2 Thf Hro iUreoisomers of the amino acid alanine. 

D-amino acids as with those made of L-amino acids. A man who was 
suddenly converted into an exact mirror image of himself would not 
at first know that anything had changed about him, except that he 
would write with his left hand, instead of his right, his hair would be 
parted on the right side instead of the left, his heartbeat would show 
his heart to be on the right side, and so on; he could drink water, inhale 
air and use the oxygen in it for combustion, exhale carbon dioxide, 
and carry on other bodily functions just as well as ever—so long as he 
did not cal any ordinary food. If he were to eat ordinary plant or ani¬ 
mal food, he would find that he could not digest it. He could be kept 
alive only on a diet containing synthetic D-amino acids, made in the 
chemical laboratory. He could not have any children, unless he could 
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mmsm 1 

are made of amino-acid mo . . , :r . his j s so , we do not 

to the construction of a hvt, ^ t^isms have evolved 

know why. Nor do we know ‘ l 'V" Wsuggestion has been 
in the L-system rather than m the D-sysW u Ihe ^ make ^ 

made that the first iwmg organism P present with 

of a few molecules with the l ^ fi ^; a a , ; i °^ ccding forms of life .ha, 
d molecules in equal number L . amino acid molecules through 

have evolved have continued ori „ ina l form of life. Perhaps a 

inheritance of the character f f d _! b(lt t do no, know wha, i, is. 
better explanation than this can uc ^ 

The Structure of Proteins. D»H* 

been devoted by scientists to t c pr ^ bc so lved, we should have 
This is a very important problem, ^ of , hc nalurc Q f physiolog- 

a much better understanding P^ struc , urc of pro tein molecules 

ical reactions, and the know g . mc dical problems, such 

would probably help in the aitac on canccr , and other diseases, 

as the problem of the control ° h Q s(r ’ ong ( . vidcncc was obtained 

In the period between 190° 185 2-I919) to indicate that the 

by the German chemist Eml ‘ J, > MO , ong cha ins, called polypeptide 

amino acids in proteins are ™ J ^ ^ condcnsod together, 
chains. For example two molec fg> molecule glycylglye.ne 

szzxziz :sizisi=■»—- -** - 

shown in Figure 28-2. to determine how many poly- 

Chemical methods have bc«n [^ ol ,. tu i c . These methods involve 

peptide chains there arc in a p which combines with the 

” - - * ^ - <>“ r«*r 
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/ 

identified after the protein has been hydrolyzed into its constituent 
amino acids (and the end amino acid with the colored groiip attached). 
For example, lysozyme, a protein in tears and in egg white which has 
the power of destroying bacteria, has been found by use of the ultra- 
centrifuge to have molecular weight about 14,000, and to consist of 
about 125 amino-acid residues. Application of the chemical method 
mentioned above has shown that there is only one free a-amino group, 
and accordingly it has been concluded that the molecule consists of a 
single polypeptide chain. If this polypeptide chain were to be stretched 
out it would be about 450 A long. However, it has been found, by use 
of the ultracentrifuge, X-ray diffraction, and other methods of investiga¬ 
tion, that the lysozyme molecule is approximately spherical in shape, 
with diameter about 25 A. Hence the polypeptide chain cannot be 
stretched out, but must be folded back and forth, to produce the 
globular molecule. 

The order of amino-acid residues in the polypeptide chains has only 
recently been determined, for a single protein, insulin. The insulin 
molecule has molecular weight about 12,000. It consists of four poly¬ 
peptide chains, of which two contain 21 amino-acid residues apiece, and 
the other two contain 30. The sequence of amino acids in the short 
chains and in the long chains was determined, in the years between 1945 
and 1952, by the English biochemist F. Sanger and his collaborators. 
The four chains in the molecule are attached to one another by sulfur- 
sulfur bonds, between the halves of cystine residues (sec Table 29-1). 

Considering their structure, we sec that the existence of a great num¬ 
ber of different proteins (perhaps 50,000 different proteins in one human 
being) is not surprising. Protein molecules might differ from one another 
not only in the numbers of residues of different amino acids, but also in 
the order of the residues in the polypeptide chains, and the way in which 
the chains arc folded. The number of possible structures is extremely 
great. 

Proteins such as lysozyme, insulin, and hemoglobin have certain 
special properties that make them valuable to the organism. Lysozyme 
helps to protect the organism against infection, through its power of 
causing some bacteria to split open. Insulin is a hormone that assists 
in the process of oxidation of sugar in the body. Hemoglobin has the 
power of combining reversibly with oxygen, permitting it to attach 
oxygen molecules to itself in the lungs, and to liberate them in the 
tissues. Moreover, when hemoglobin combines with oxygen it becomes 
a stronger acid than before. There are eight acidic groups in the hemo¬ 
globin molccuic which interact with the iron atom in such a way that 
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when the four oxygen molecules are attached to the four iron atoms the 
acidic groups become stronger: the blood that comes to the lungs is 
loaded down with carbon dioxide, in the form of hydrogen carbonate 
ion, and the increase in acidity of these groups when oxygen combines 
with the hemoglobin helps the hydrogen carbonate ion to be decomposed 
into carbon dioxide, which then escapes into the air that is to be exhaled. 
These well-defined properties show that the protein molecules have very 
definite structures. 

A protein that retains its characteristic properties is called a native 
protein: hemoglobin as it exists in the red cell or in a carefully prepared 
hemoglobin solution, in which it still has the power of combining re¬ 
versibly with oxygen, is called native hemoglobin. Many proteins lose 
their characteristic properties very easily. They are then said to have 
been denatured. Hemoglobin can be denatured simply by heating its 
solution to 65° C. It then coagulates, to form a brick-red insoluble 
coagulum of denatured hemoglobin. Most other proteins arc also de¬ 
natured by heating to approximately this temperature. Egg white, for 
example, is a solution consisting mainly of the protein ovalbumin , with 
molecular weight 43,000. Ovalbumin is a soluble protein. When its 
solution is heated for a little while at about 65° C the ovalbumin is 
denatured, forming an insoluble white coagulum of denatured oval¬ 
bumin. This phenomenon is observed when an egg is cooked. 

It is believed that the process of denaturation involves uncoiling the 
polypeptide chains from the characteristic structure of the native protein. 
In the coagulum of denatured hemoglobin or denatured ovalbumin the 
uncoiled polypeptide chains of different molecules of the protein have 
become tangled up with one another in such a way that they cannot 
be separated; hence the denatured protein is insoluble. Some chemi¬ 
cal agents, including strong acid, strong alkali, and alcohol, arc goo 
denaturing agents. 

The principal method of folding polypeptide chains in proteins has 
recently been discovered, through application of the X-ray diffraction 
technique. The polypeptide chain is folded into a helix, as shown in 
Figure 29-3. There arc about 3.6 amino-acid residues per turn of the 
helix—about 18 residues in 5 turns. Each residue is linked to residues 
in the preceding and following turns by hydrogen bonds between the 
N—H groups and the oxygen atom of the 0=0 group. T c si e c ams 
R of the different residues project radially from the helix ; there is plenty 
of room for them, so that the sequence of residues can be an arbitrary 
one. This configuration is called the a helix. 

Many fibrous proteins, including hair, fingernails, horn, and muscle, 
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consist of polypeptide chains with the configuration of the a helix, ar¬ 
ranged approximately parallel to one another, with the axis of the helix 
in the direction of the fiber. In some of these proteins the polypeptide 
chains, with the configuration of the ct helix, are twisted about one 
another, to form cables or ropes (Fig. 29-4). Hair and horn can be 
stretched out to over twice their normal length; this process involves 
breaking the hydrogen bonds of the a helix, and forcing the polypeptide 
chains into a stretched configuration. Silk fibers consist of polypeptide 
chains with the stretched configuration, attached to one another by 
hydrogen bonds that extend laterally. 

It has been found that lysozyme, insulin, hemoglobin, and many 



FIG. 20-3 

. I (trailing of the a helix , a hydrogen-bonded helical configuration 
of the polypeptide chain present in many proteins. The polypeptide 
chain is coded into the configuration of a left-handed screw , with 
about 3.6 amino-acid residues per turn of the helix. The circles 
labeled R represent the side chains of the various amino-acid 
residues. 
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other soluble proteins also have polypeptide chains folded into the con¬ 
figuration of the a helix. In these molecules an individual polypeptide 
chain does not form a single helix, but instead coils into a short segment, 
with the configuration of the a helix—perhaps half a dozen turns of 
the helix—and then bridges over to another helical segment. 


29-4. Metabolic Processes; Enzymes and Their Action 

The chemical reactions that take place in a Jiving organism are called 
metabolic processes (Greek metabole , change). These reactions are of very 
many kinds. Let us consider what happens to food that is ingested. 
The food may contain complex carbohydrates, especially starch, that 
are split up into simple sugars in the process of digestion, and then 
pass through the walls of the digestive tract into the blood stream. 
The sugars may then be converted, in the liver, into glycogen (animal 
starch), whic h has the same formula as starch, (C«H 10 O s ) x , where x is 
a large number. Glycogen and other polysaccharides constitute one of 
the important sources of energy for animals. They combine with oxygen 
to form carbon dioxide and water, with liberation of energy, part of 
which can be used for doing work, and part to keep the body warm. 

We have mentioned before that proteins in foodstuffs arc split in the 
stomach and intestines into amino acids or simple peptides, which pass 
through the walls into the blood stream, and then may be built up into 
the special proteins needed by the organism. A process of tearing down 
the proteins of the body also takes place. For example, red cells have a 
lifetime of a few weeks, at the end of which they are destroyed, being 
replaced by newly formed red cells. The nitrogen of the protein mole¬ 
cules that arc torn down is eliminated in the urine, as urea, CO(NH 2 ) 2 - 

Fats that are ingested arc also decomposed in the process of digestion 
into simpler substances, which then arc used by the body for fuel and 
as structural material. 

Some of the chemical reactions that take place in the body can also 
be made to take place in beakers or flasks in the laboratory. For exam¬ 
ple, a protein can be decomposed into amino acids in the laboratory 
by adding strong acids to it and boiling for a long time. Similarly, sugar 
can be oxidized to carbon dioxide and water; if a little cigarette ash 
or other solid material is rubbed onto a cube of sugar, the sugar can 
be lighted by a match, and it will then burn in air, producing carbon 
dioxide and water: 
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C 12 H m O„ + 120* —12CO; + 11H.O 

However, it has not been found possible to cause these chemical reac¬ 
tions to take place in the laboratory at the temperature of the= human 
body, excerit in the presence of special substances obta.ncd from plants 
or animals These substances, which are called enzymes are proteins 
that have a catalytic power for certain reactions. Thus the saliva con¬ 
tains a special protein, an enzyme called sal,vary amylase or 
which has the power of catalyzing the decomposition of starch into a 
Tugar maltose P C, 2 H ;; 0„. The reaction tha, is catalyzed by salivary 

amylase is 


(CaHjoOi), + \ H=0 


~ C,.H a O„ 


Saliva is mixed with a food, such as potato, while the food is being 
chewed and during the first few minutes that the food is in the stomach 
the'saHvary amylase causes the conversion of the starch into maltose 

l ° Similarly' there is an enzyme in the stomach. which has the 

poweTof^Ing as a very effective catalyst for the 

of proteins into amino acids-.ha, is. for splitting the PcP^^ond by 
reaction with water, to form an ammo group and a carboxygroup. 
Pepsin does its work most effective y in a o 

Gastric juice is, in fact, rather strongly acidic, ,l " ^VdrVhlo. ic- ae icl 

tained in the intestinal juice, pancreatic j * . j : n ( | 1C cc j| s 

The chemical reactions that 

each of these steps. It has been bodv 

thousand or thirty thousand different enzymesinhe human^body 

each constructed in such a way as .0 permit it « 

catalyst for a particular ch^-aeuon useful » ^ ^ 

MlnyTale 1 , K - * — h “ — 
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done in an effort to discover the mechanism of the catalytic activity of 
enzymes. So far, however, no one has succeeded in determining the 
structure of any enzyme, nor in finding out how the enzyme does its 
job. This general problem is one of the most important of all of the 
problems of biochemistry. 


29-5. Vitamins 

It was. mentioned above that man requires nine amino acids in his 
diet in order to keep in good health. It is not enough, however, that 
the diet contain proteins that provide these nine amino acids, and a 
sufficient supply of carbohydrates and fats to provide energy. Other 
substances, both inorganic and organic, are also essential to health. 

Among the inorganic constituents that must be present in foods in 
order that a human being be kept in good health we may mention 
sodium ion, chloride ion, potassium ion, calcium ion, magnesium ion, 
iodide ion, phosphorus (which may be ingested as phosphate), and sev¬ 
eral of the transition metals. Iron is necessary for the synthesis of hemo¬ 
globin and of some other protein molecules in the body which serve as 
enzymes; in the absence of sufficient iron in the diet anemia will de¬ 
velop. Copper is also required; it seems to be involved in the process of 
manufacture of hemoglobin and the other iron-containing compounds 
in the body. 

The organic compounds other than the essential amino acids which 
arc required for health are called vitamins. Man is known to require 
at least thirteen vitamins: vitamin A, (thiamine), B 2 (riboflavin), 
B„ (pyridoxin), Bi 2 , C (ascorbic acid), D, K, niacin, pantothenic acid, 
inositol, para-aminobenzoic acid, and biotin. 

Although it has been recognized for over a century that certain dis¬ 
eases occur when the diet is restricted, and can be prevented by addi¬ 
tions to the diet (such as lime juice for the prevention of scurvy), the 
identification of the essential food factors as chemical substances was 
not made until a few years ago. Progress in the isolation of these sub¬ 
stances and in the determination of their structure has been rapid in 
recent years, atid many of the vitamins are now being made syntheti¬ 
cally, for use as dietary supplements. It is usually possible for a diet to 
be obtained that provides all of the essential food substances in satis¬ 
factory amounts, but in some cases it is wise to have the diet supple¬ 
mented by vitamin preparations. 

Vitamin A has the formula CjoH^OH, and the structure 
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H»C CH, CH, CH, 

\ / | I 

C CH C CH C CH, 

U V ^ x 

„,A A 

^CH, 'cH, 

It is a yellow, oily substance, which occurs in nature in butter fat and 
fish oils. Lack of vitamin A in the diet causes a scaly condition of the 
eyes, and similar abnormality of the skin in general, together with a 
decreased resistance to infection of the eyes and skin. In addition there 
occurs a decreased ability to see at night, called n,ghl-blindness. There 
are two mechanisms for vision, one situated in the cones of the retina 
of the eye, which are especially concentrated in the neighborhood of 
the fovea (the center of vision), and the other situated m the rods of 
the retina. Color vision, which is the ordinary vision, used when the 
intensity of light is normal, involves the retinal cones Night vision 
which operates when the intensity of light is very small, involves he 
rods; it is not associated with a recognition of color It has been found 
that a certain protein, visual purple, which occurs in the rods, takespart 
in the process of night vision. Vitamin A is the prosthetic group of the 
visual purple molecule, and a deficiency in this vitamin leads for this 
reason to a decrease in the ability to see at night. 

A protein mch a, vuual purple which ha, a characterise chemical group other than 
the amino-acid rc.iduc a, part of ltt .truc.ure i, called a Such^ chw- 

ac.erU.ic group in a conjugated protein i, called a pro.lh.Uc group 

addition). Hemoglobin i. another example of a conjugated protein. Each hemoglobin 
molecule con.Uu of a .imple protein called glob.n to which there are f^fhed four 
pro.the.ic group, called W grew/.,. The formula of the heme group u C,.H„O.N.Fe. 

It is no, essential that vitamin A itself be present in food ir. order 
to prevent the vitamin A deficiency symptoms. Certain hydrocarbons, 
,h e caro.enes, with formula C„H„ (similar in structure to'lycopene, 
Fig. 28-2), can be converted into vitamin A in the body. These sub¬ 
stances, which are designated by the name promtamm A, are red and 
yellow substances which are found in carrots, tomatoes, and other 
vegetables and fruits, as well as in butter, milk, green leafy vegetables, 
and eggs. 
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Thiamine, vitamin B ly has the following formula (that shown is for 
thiamine chloride): 


h 3 c n nh, h 3 c ch*.- oh 

\ / s / \ / \ / 

C C C -- C CH, 

II I II 

N C. +N S 

\ ✓ \ s / 

c ^ch« c ci- ci- 

H H 


A lack of thiamine in the diet causes the disease beri-beri, a nerve 
disease which, in past years was common in the Orient. Just before 
1900 it was found by Eijkman in Java that beri-beri occurred as a con¬ 
sequence of a diet consisting largely of polished rice, and that it could 
be cured by adding the rice polishings to the diet. In 1911 Casimir Funk 
assumed that beri-beri and similar diseases were due to a substance 
present in a satisfactory diet and missing from a deficient diet, and he 
attempted to isolate the substance the lack of which was responsible 
for beri-beri. He coined the name “vitamin” for substances of this sort 
(he spelled it “vitaminc” because he thought that the substances were 
amines). The structure of vitamin Bi, thiamine, was determined by 
R. R. Williams, E. R. Buchman, and their collaborators in 1936. 

Thiamine seems to be important for metabolic processes in the cells 
of the body, but the exact way in which it operates is not known. There 
is some evidence that it is the prosthetic group for an enzyme involved 
in the oxidation of carbohydrates. The vitamin is present in potatoes, 
vvholc cereals, milk, pork, eggs, and other vegetables and meats. 

Riboflavin (vitamin B 2 ) has the following structure: 


O 

II H 

C N C CH* 

, / \ ✓ \ / s / 

HN C C C 

llil 
c c c c 

\ / \ / \ ✓ \ 

O N N C CHa 

H 


H 2 C—CHOH—CHOH—choh—ch 2 oh 


It seems to be essential for growth and for a healthy condition of the 
skin. Riboflavin is known to be the prosthetic group of an enzyme, 
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called yellow enzyme, which catalyzes the oxidation of glucose and certain 
other substances in the animal body. 

, Vitamin B« (pyridoxin) has the formula 

H N CH 3 

\ / N / 

C G 

II I 

c c 

/ \ ✓ \ 

HjC C OH 

I I 

OH H,C—OH 

It is present in yeast, liver, rice polishings, and other plant_and animal 
foods, and is also produced synthetically. It has the power of st.mulatmg 
growth, and of preventing skin eruptions (dermatitis). 

Vitamin B , 2 is involved in the manufacture of the red corpuscles of 
the blood. It can be used for the treatment of pernicious anemia, and 
it is perhaps the most potent substance known in ‘Cs phyMolog cal 
activity: 1 microgram per day (1 X 10- g) of vitamin B„ ' cffe . ve 
in the control of the disease. The vitamin can be HotoecI from hver 
tissue, and is also produced by molds and other ^>cr^an,sm^The 
structure of the molecule of vitamin B 12 has not ye 
I, is known that the 

molecule contains one cobalt atom. In 

cobalt that is known to be present in the human body. 

Ascorbic acid, vitamin C, is a water-soluble vitamin of great im 

portance. It has the following formula: 

O 

HO i 

v\ 

4 / 

HO^ CHi—OH 

/ \ / 

H C 

/ \ 

H OH 

A deficiency of vitamin C in the diet leads to scurvy a disease^charac¬ 
terized by loss of weight, general weakness, hemorrhagic condition 
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the gums and skin, loosening of the teeth, and other symptoms. Sound 
tooth development seems to depend upon a satisfactory supply of this 
vitamin, and a deficiency is thought to cause a tendency to incidence 
of a number of diseases. 

The vitamin is present in many foods, especially fresh green peppers, 
turnip greens, parsnip greens, spinach, orange juice, and tomato juice. 
The daily requirement of vitamin C is about 60 mg. 

Vitamin D is necessary in the diet for the prevention of rickets, a 
disease involving malformation of the bones and unsatisfactory develop¬ 
ment of the teeth. There are several substances with anti-rachitic activ¬ 
ity. The form that occurs in oils from fish livers is called vitamin D*; 
it has the following chemical structure: 


H,C 

H,C CH, \:h—CH a 

/ \ / / 

H,C C-CH 

I I I 

HC C CH, 

S /l\ / 

CH a C H CH, 


■CHa-rCHa—CH 


/CH, 


\ 


CH, 


H,C—C H 

„ / \ / ✓ 

H,C C-CH 


CH 


HO 


^C—CH, 

/H 


Only a very small amount of vitamin D is necessary for health— 
approximately 0.01 mg per day. The vitamin is a fat-soluble vitamin, 
occurring in cod-liver oil, egg yolks, milk, and in very small amounts in 
other foods. Cereals, yeast, and milk acquire an added vitamin D 
potency when irradiated with ultraviolet light. The radiation converts 
a fatty substance (a lipid) that is present in the food, a substance called 
ergoslerol , into another substance, calciferol (vitamin D 2 ), which has 
vitamin D activity. The structure of calciferol is closely related to that 
of vitamin D 3 . 

Whereas most vitamins are harmless even when large quantities are 
ingested, vitamin D is harmful when taken in large amounts. 


Vitamin E, while not necessary for health, seems to be required for the reproduction 
and lactation of animals. Niacin, a member of the B group of vitamins, is necessary for 
the prevention of the deficiency disease pellagra. Pantothenic acid, inositol, ^-araino- 
bcruoic acid, and biotin are substances involved in the process of normal growth. Vita- 
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min K 15 a vitamin that prevent* bleeding, by assisting in the process of clotting of the 

“ interesting .ha, many -simpler organisms" do no, require so many substance, 
for growth as does man. I. was mendoned above that the red bread mold, 

SSSHSbi 

animal. 


29-6. Hormones 

Another class of substances of importance in the activityhuman 

body consists of the hemonts, which are substances ' ^ 

gers from one par, of the body to another moving by^ °* ‘ihebltxxi 



K 


NH 


CHi 


'CH. 


When epinephrine is introduced intone = in 1 

the action of the heart, causes lucosc to be released from the 

creasing the blood pressure, and caus g ,. n ,. rf rv 

liver providing an ^ “y/oid glanVwhich^ntrols metabolism. 

Thyroxin is a secretion of the thy g qU lhc CO mbustion of 

Win is a secretion of the P 3 ™*™ arc prolcin s, thyroxin having 
carbohydrates. Both of these h ^ j^ any oth er hormones are 

a prosthetic group which contain , rr chemical substances, 

known, some of which affecting ** 

I‘ has becn ret ° gmZC f th3 ‘ deficient production of thyroxin, which 
thyroid gland may arise from* d P ion in , 0 the diet, 

can be remedied by the -ntroducuonof added £ ^ Qf sugar in 

The disease diabetes mellitus <* ar pr Jucuon of the hormone insu- 

the urine and perhaps due to a dehcien p 
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lin, has in recent decades been treated by the injection of insulin, obtained 
from the pancreatic glands of animals. The hormones cortisone and ACTH 
(adrenocorticotropic hormone) have been shown recendy to have strong 
therapeutic activity toward rheumatoid arthritis and some other diseases. 

29-7. Chemistry and Medicine 

From the earliest times chemicals have been used in the treatment of 
disease. The substances that were first used as drugs were natural prod¬ 
ucts from the leaves, branches, and roots of plants. As the alchemists 
discovered or made new chemical substances, these substances were 
tried out to sec if they had physiological acdvity, and many of them 
were introduced into early medical practice. For example, both mer¬ 
curic chloride, HgCl 2 , and mercurous chloride, Hg 2 Cl 2 , were used in 
medicine, mercuric chloride as an antiseptic, and mercurous chloride, 
taken internally, as a cathartic and general medicament. 

The modern period of chemotherapy , the treatment of disease by use of 
chemical substances, began with the work of Paul Ehrlich (1854-1915). 
It was known at the beginning of the present century that certain organic 
compounds of arsenic would kill protozoa, parasitic micro-organisms 
responsible for certain diseases, and Ehrlich set himself the task of syn¬ 
thesizing a large number of arsenic compounds, in an effort to find one 
which would be at the same time toxic (poisonous) to protozoa in the 
human body and non-toxic to the human host of the micro-organism. 
After preparing many compounds he synthesized arsphenamine , which has 
the following structure: 

OH 

NH* ^SNH, NH, 

ho O. V ,0 OH 

\ , /As \ / 

As As 

I I 

As As 



'1 his compound used to be called 606; the name is said to have resulted 
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from the fact that it was the 606th compound of arsenic synthesized by 
Ehrlich in his investigation. 

Arsphenamine has been found to be extremely valuable. Its greatest 
use is in the treatment of syphilis; the drug attacks the micro-organism 
responsible for this disease, Spirocheta pallida. It has also been useful in 
the treatment of some other diseases. At the present time it seems to be 
in the process of being superseded by penicillin (which we shall discuss 

below) in the treatment of syphilis. 

Ehrlich later synthesized another compound, neoarsphenam.ne , which 
is somewhat superior to arsphenamine for the treatment of syphilis. 
It is closely related in structure, differing only in having a more compli¬ 
cated side chain in place of three of the ammo groups of the molecule. 

Since Ehrlich’s time there has been continual progress in the devel¬ 
opment of new chemotherapeutic agents. Fifteen years ago the in¬ 
fectious diseases constituted the principal cause of death; now most f 
these diseases are under effective control by chemotherapeutic agents 
some of which have been synthesized in the laboratory and^ some f 
which have been isolated from micro-organisms. At the P rcscn '‘ 
only a few of the infectious diseases, especially certain vmal disease 

such as poliomyelitis, constitute major hazards to a 

and we may confidently anticipate that the control of these diseases by 

chemotherapeutic agents will be achieved in a few £"*• 

The recent period of rapid progress began with the discos cry oil 
sulfa drug* by Gerhard Domagk. In 1935 Domagk du*ovcredtha 
the compound prontosil. a derivative of sulfandam.de, was effect « •" 
control of streptococcus infections. It was soon found by other worker 
that sulfanilamide itself is just as effective in the treatment of <h< e 
diseases, and that it can be d by^ The formula 

and mimingoc^cic infections. 

As soon as the value of sulfanilamide was recognized chemists syn 
thesized hundreds of related substances, and invest.gat.ons were made 
of their usefulness as bacteriostatic agents (agents -J 'he power of 
controlling the spread of bacterial infections). It was found1 that_many 
of these related substances are valuable, and their us ^^aWe 
portan, par, of medical practice. Sulfapyndine has ^Idueotle 
for the control of pneumococcic pneumonia (pneumom.* due 
Pneumococcus micro-organisms), as well as of otlu-r ^ 

tions and gonorrhea. Sulfa,hiaeole is used for these * a 

- Maphy'MOOcic^nfccUons. « 

carbuncles and eruptions of tne skin, i n 
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all derivatives of sulfanilamide itself, obtained by replacing one of the 
hydrogen atoms of the amide group (the NH 2 bonded to the sulfur 
atom) by some other group (Table 29-2). 

The introduction of penicillin into medical treatment was the next 
great step forward. In 1929 Professor Alexander Fleming, a bacteri¬ 
ologist working in the University of London, noticed that bacteria that 
he was growing in a dish in his laboratory were not able to grow in 
the region immediately surrounding a bit of mold that had accidentally 
begun to develop. He surmised that the mold was able to produce a 

table 29-2 Structural Formulas of Sulfa Drugs and Related Substances 


•V" 



NH* 

Para-aminobenxoic 

add 



NH* NH* 

Sulfapyridine SuHathiazole 




Penicillin G 


615 

[§ 2&-7] Chemistry and Medicine 

chemical substance that had bacteriostatic; a ct ivi|y an d he made a pre 

Howard Florey of Oxford University decided to ma ^ 3 

S-ESH'HSHriggS 

mmim 

; ”.k ■- - 

of the molecule that is shown on thc lelt siO „ . this posi . 

S £ .felSt™, of infection,. Score, of other peo- 

STSt vtut,': STS" oT« , I -=. e*«-v., y 



516 Biochemistry [Chap. 29] 

controlled by penicillin, and some other bacteriostatic agents also have 
been found to have significant value. 

Another very great step forward has been made during the past two 
years by the discovery of substances which can control the development 
of viral infections. Penicillin, streptomycin, and the sulfa drugs are 
effective against bacteria but not against viruses. It has recently been 
found, however, that chloramphenicol (Chloromycetin) and aureomycin , 4 
both of which arc substances manufactured by molds (the molds 
Streptomyces venezuele and Streptomyces aureofaciens respectively), have the 
power of controlling certain viral infections. 

The Relation Between the Molecular Structure of Substances and 
Their Physiological Activity. No one knows what the relation be¬ 
tween the molecular structure of substances and their physiological 
activity is. We know the structural formulas of many drugs, vitamins, 
and hormones—some of these formulas have been given in the preceding 
sections. It is probable, however, that most of these substances produce 
their physiological action by interacting with or combining with proteins 
in the human body or in the bacterium or virus that they counteract, 
and little is known as yet about the structure of these proteins. 

Ten years ago a suggestion was made about the way in which the 
sulfa drugs exercise their bacteriostatic action. It seems probable that 
this suggestion is essentially correct. It was found that a concentration 
of sulfanilamide or other sulfa drug that would prevent bacterial cul¬ 
tures from growing under ordinary circumstances lost this power when 
some para-aminobcnzoic acid was added. The amount of para-amino- 
bcnzoic acid required to permit the bacteria to increase in number was 
found to be approximately proportional to the excess of the amount 
of the sulfa drug over the minimum that would produce bacteriostatic 
action. This competition between the sulfa drug and para-aminobenzoic 
acid can be given a reasonable explanation. Let us assume that the 
bacteria need to have some para-aminobcnzoic acid in order to grow— 
that is, that para-aminobcnzoic acid is a vitamin for the bacteria. Prob¬ 
ably it serves as a vitamin by combining with a protein to form an es¬ 
sential enzyme;* presumably it serves as the prosthetic group of this 
enzyme. It is likely that the bacterium synthesizes a protein molecule 
which has a small region, a cavity, on one side of itself into which the 
para-aminobenzoic acid molecule just fits. The sulfanilamide molecule 
is closely similar in structure to the para-aminobcnzoic molecule (see 
Table 29-2). Each of the molecules contains a benzene ring, an amino 
group (—NH S ) attached to one of the carbon atoms of the benzene ring, 
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and another group attached to the opposite carbon atom. It seems not 
unlikely that^he sulfanilamide molecule can fit into the cavity on the 
r*rr*min thus preventing the para-aminobenzoic molecule from getting 

mmmmm 

wmmmm 

n °Nobody V knows why penicillin is able to control many bacterial in- 

ffSHIiSiS 
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29-4. 


Exercises 

29 -'- 

these terms. 

What are the properties of a virus? 

What is the formula of glycine, in aqueous solution? of alamne. of some 

=» “t 

8 y . i»hr Iiv laid nine leucine, isoleucine, threonine, 

29-5. Histidine, lysine. *rypiophan ph J ^ ^ ^ amin o acids for man. What 
methionine, and valncarc d ^ ^ of |hc human body to other 

is meant by this statement. protein and gelatin as a poor 

amino acids? Why is casein described as a gooa , 

protein? 

Describe the structure of hair. 

^Lmin B„ of vitamin B„. of vitamin C. of v.tam.n D? 


29-6. 

29-7. 

29-8. 
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29-9. What arc hormones? 

29-10. Discuss briefly the use in medicine of sulfanilamide, penicillin, and streptomy¬ 
cin. What can you say about the mechanism of pharmacological action of these 
substances? 
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The Chemistry 
of Silicon 


Silicon (from Latin siUx, flint), the fourteenth element in the periodic 
faWe is a congener of carbon, in group IV. Silicon plays an important 

Sft - it 

sSJSi.'StZ -——- 

in organic chcni.ny »bl» iron, i„ .biliiy 

toTonn'carbon-carbon bond,, priding con,pl« n» «u £ w„h ,ha 

=SHS^ifS5i= 

turcs is described briefly in later scct.ons of this chapter. 

30 - 1 . Silicon and Its Simpler Compounds 

Elementary Silicon and Si.icon 

Si Cl 4 + 4Na —*- Si + 4NaCi 
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The element has the same crystal structure as diamond, each silicon 
atom forming single covalent bonds with four adjacent silicon atoms 
which surround it tetrahcdrally. 

Silicon contaminated with carbon can be obtained by reduction of 
silica, Si0 2 , with carbon in an electric furnace. An alloy of iron and 
silicon, called ferrosilicon , is obtained by reducing a mixture of iron 
oxide and silica with carbon. 

Ferrosilicon, which has composition approximately FcSi, is used in 
the manufacture of acid-resisting alloys, such as duriron , which contains 
about 15% silicon. Duriron is used in chemical laboratories and manu¬ 
facturing plants. A mild steel containing a few percent silicon may be 
made which has a high magnetic permeability, and is used for the cores 
of electric transformers. In recent years a special process has been used 
in making the metal for transformer cores. An iron-silicon alloy of suit¬ 
able composition is heat-treated and rolled in such a way as to orient 
the small crystal grains so that the direction of maximum magnetic 
permeability coincides with the direction of the magnetic field due to 
the transformer winding, thus increasing the magnetic effectiveness of 
the metal. 

Silicides. Many metals form compounds with silicon, called silicides. 
These compounds include Mg 2 Si, FejSi, FeSi, CoSi, NiSi, CaSi 2 , Cu 16 Si 4 , 
and CoSi 2 . Calcium silicide, CaSi 2 , is made by heating a mixture of 
lime, silica, and carbon in an electric furnace. It is a powerful reducing 
agent, and is used for removing oxygen from molten steel in the process 
of manufacture of steel. 


The Hydrides of Silicon. The hydrides of silicon, called the silicones 
or silanesy have the general formula Si n H 2n+2 , analogous to that of the 
paraffin series in organic chemistry. The silanes are made by reaction 
of metallic silicides with water or acid; for example, magnesium silicide 
with acid produces monosilane, SiH<: 

Mg 2 Si -f 4H + —2Mg ++ -f SiH 4 

The silanes are reactive substances, which inflame spontaneously in air 
at room temperature, and hydrolyze readily with water. 

Silicon Carbide. Silicon carbide, SiC, is made by heating a mixture 
of carbon and sand in a special electric furnace: 


Si0 2 -F 3C 


SiC + 2CO 
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30 - 2 . Silicon Dioxide 
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cannot flow. The material obtained in this way is not crystalline, but is 
a supercooled liquid , or glass. It is called silica glass (or sometimes quartz 
glass or fused quartz). Silica glass does not have the properties of a crystal 
—it does not cleave, nor form crystal faces, nor show other differences 
in properties in different directions. The reason for this is that the atoms 
which constitute it are not arranged in a completely regular manner 
in space, but show a randomness in arrangement similar to that of the 
liquid. The structure of silica glass is very similar in its general nature 
to that of quartz and the other crystalline forms of silica. Nearly every 
silicon atom is surrounded by a tetrahedron of four oxygen atoms, and 
nearly every oxygen atom serves as the common element of two of these 
tetrahedra. However, the arrangement of the framework of tetrahedra 
in the glass is not regular, as it is in the crystalline forms of silica, but is 
irregular, so that a very small region may resemble right-handed or 
left-handed quartz, and an adjacent region may resemble cristobalite 
or tridymitc, in the same way that liquid silica, above the melting point 
of the crystalline forms, would show some resemblance to the structures 
of the crystals. 

Silica glass is used for making chemical apparatus and scientific in¬ 
struments. 1 he coefficient of thermal expansion of silica glass is very 
small, so that vessels made of the material do not break readily on sud¬ 
den heating or cooling. Silica is transparent to ultraviolet light, and 
because of this property it is used in making mercury-vapor ultraviolet 
lamps and optical instruments for use with ultraviolet light. 


30 - 3 . Sodium Silicate and Other Silicates 

Silicic acid (orthosilicic acid), H 4 Si 04 , cannot be made by the hydra¬ 
tion of silica. The sodium and potassium salts of silicic acid arc soluble 
in water, however, and can be made by boiling silica with a solution 
of sodium hydroxide or potassium hydroxide, in which it slowly dis¬ 
solves. A concentrated solution of sodium silicate, called water glass } is 
available commercially and is used for fireproofing wood and cloth, as 
an adhesive, and for preserving eggs. This solution is not sodium ortho- 
silicate, Na 4 Si0 4 , but is a mixture of the sodium salts of various con¬ 
densed silicic acids, such as H 6 Si,0 7 , H 4 Si 3 CVand (H = Si0 3 ) x . 

A gelatinous precipitate of condensed silicic acids (Si0 2 -.rH 2 0) is 
obtained when an ordinary acid, such as hydrochloric acid, is added 
to a solution of sodium silicate. When this precipitate is partially de¬ 
hydrated it forms a porous product called silica gel. This material has 
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work is an open one, through which corridors run which are sufficiently 
large to permit ions to move in and out. The zeolite minerals , used for 
softening water, arc of this nature. As the hard water, containing Cat + 
and Fe 4-4 ^ ions, passes around the grains of the mineral, these cations 
enter the mineral, replacing an equivalent number of sodium ions. 

Some of the zeolite minerals contain water molecules in the corridors 
and chambers within the aluminosilicate framework, as well as alkali 



FIG. 30-1 The structure of the mineral sodalite , 
Na<AhSi>O x £l. The framework consists of AlO% tetra- 
hedra and Si O , tetrahrdra , which share corners with one 
another. In the spaces formed by this framework there are 
targe chloride ions and the smaller sodium ions , repre¬ 
sented in the drawing by spheres. The mineral laguhte 
has the same structure, except that the chloride ions are 
replaced by polysulfide groups. 


and alkaline-earth ions. When a crystal of one of these minerals, such 
as chabazitc, CaAl>Si 4 0 i 2 - 6 H 20 , is heated, the water molecules are 
driven out of the structure. The crystal does not collapse, however, but 
retains essentially its original size and shape, the spaces within the frame¬ 
work formerly occupied by water molecules remaining unoccupied. 
I his dehydrated chabazitc has a strong attraction for water molecules, 
and for molecules of other vapors, and can be used as a drying agent 
or adsorbing agent for them. The structure of silica gel, mentioned 
above as a drying agent, is similar in nature. 

Some of the important minerals in soil arc aluminosilicate minerals 
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densed silicic acid can be made, with composition (H 2 Si 2 O 5 ) a0 , which 
has the form of an infinite layer, as shown in Figure 30-2. The mineral 
hy dr argillite, Al(OH) 3 , has a similar layer structure which involves A10 6 
octahedra (Fig. 30-3). More complex layers involving both tetrahedra 
and octahedra are present in other layer minerals, such as talc y kaolinite 
(clay), and mica. In talc and kaolinite, with formulas Mg 3 Si 4 O I0 (OH) 2 
and Al 2 Si 2 0 6 (0H) 4 , respectively, the layers are electrically neutral, and 



FIG. 30-3 The crystal structure of aluminum hydroxide , Al(OH) 3 . This 
substance crystallizes in layers . consisting of octahedra of oxygen atoms ( hy¬ 
droxide inns) about the aluminum atom. Each oxygen atom series as a corner for 
two aluminum octahedra. One layer is shown in this drawing. 


they arc loosely superimposed on one another to form the crystalline 
material. I hese layers slide over one another very readily, which gives 
to these minerals their characteristic properties (softness, easy cleavage, 
soap\ lee]). In mica. K.\IjSi J O 10 (()II). : , the aluminosilicate layers are 
negatively charged, and positive ions, usually potassium ions, must be 
present between the layers in order to give the mineral electric neutral¬ 
ity. I he electrostatic forces between these positive ions and the nega¬ 
tively charged layers make mica considerably harder than kaolinite 
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and talc but its layer structure is still evident in its perfect basic cleavage, 
which permits the mineral to be split into very thin sheets. These sheets 
of mica arc used for windows in stoves and furnaces, and for clcctr.ca 
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FIG. 30-4 

A double chain of silicate telrahedra, extend¬ 
ing from one end of an asbestos crystal to the 
other end. This double chain, called the tremo- 
lite chain, has the composition (5uO,i)». 
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and, in place of the gravel of ordinary concrete, for the manufacture of 
a light-weight concrete. 

The Fibrous Minerals. The fibrous minerals contain very long silicate 
ions in the form of tetrahedra condensed into a chain, as shown in Fig¬ 
ure 30-4. These crystals can be cleaved readily in directions parallel 
to the silicate chains, but not in the directions which cut the chains. 
Accordingly, crystals of these minerals show the extraordinary property 
of being easily unraveled into fibers. The principal minerals of this sort, 
tremolite , Ca 2 Mg 5 Si 8 022(0H)2, and chrysotile , MgsSuO^OH)®- H 2 0, are 
called asbestos. Deposits of these minerals are found in South Africa in 
layers several inches thick. These minerals are shredded into fibers, 
which are then spun or felted into asbestos yam, fabric, and board for 
use for thermal insulation and as a heat-resistant structural material. 

30 - 5 . Glass 

Silicate materials with important uses include glass, porcelain, glazes 
and enamels, and cement. Ordinary glass is a mixture of silicates in the 
form of a supercooled liquid. It is made by melting a mixture of sodium 
carbonate (or sodium sulfate), limestone, and sand, usually with some 
scrap glass of the same grade to serve as a flux. After the bubbles of gas 
have been expelled, the clear melt is poured into molds or stamped 
with dies to produce pressed glass ware, or a lump of the semi-fluid 
material on the end of a hollow tube is blown, sometimes in a mold, to 
produce hollow ware, such as botdes and flasks. Plate glass is made by 
pouring liquid glass on to a flat table and rolling it into a sheet. The 
sheet is then ground flat and polished on both sides. 

Ordinary glass (soda-lime glass, soft glass) contains about 10% so¬ 
dium, 5% calcium, and 1% aluminum, the remainder being silicon and 
oxygen. It consists of an aluminosilicate tetrahedral framework, within 
which are embedded sodium ions and calcium ions and some smaller 
complex anions. Soda-lime glass softens over a range of temperatures 
beginning at a dull-red heat, and can be conveniently worked in this 
temperature range. 

Boric acid easily forms highly condensed acids, similar to those of 
silicic acid, and borate glasses, such as those made by heating borax 
with metal oxides (“borax beads,” Chap. 6), are similar to silicate glasses 
in their properties. Pyrex glass, used for chemical glassware and baking 
dishes, is a boro-aluminosilicate glass containing only about 4 % alkali 
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compounds. In recent years this has been done; many silicon compounds 
of the class called silicones have been found to have valuable properties. 

The simplest silicones are the methyl silicones. These substances 
exist as oils, resins, and elastomers (rubber-like substances). Methyl 
silicone oil consists of long molecules, each of which is a silicon-oxygen 
chain with methyl groups attached to the silicon atoms. A short silicone 
molecule would have the following structure: 


SK ^Si^ 

/ \ / \ / \ / \ 

HjC CH, HjC CH, H,C CH, H 3 C CH, 


A silicone oil for use as a lubricating oil or in hydraulic systems contains 
molecules with an average of about ten silicon atoms per molecule. 

The valuable properties of the silicone oils are their very low co¬ 
efficient of viscosity with temperature, ability to withstand high tem¬ 
perature without decomposition, and chemical inertness to metals and 
most reagents. A typical silicone oil increases only about sevenfold in 
viscosity on cooling from 100° F to -35° F, whereas a hydrocarbon oil 
with the same viscosity at 100° F increases about 1,800-fold in viscosity 
on cooling through the same range. 

Resinous silicones can be made by polymerizing silicones into cross- 
linkcd molecules. These resinous materials are used for electrical in¬ 
sulation. They have excellent dielectric properties and are stable at 
operating temperatures at which the usual organic insulating mate¬ 
rials decompose rapidly. The use of these materials permits electrical 
machines to be operated with increased loads. 

Si I leones may be polymerized to molecules containing 2,000 or more 
(Clli)sSiO units, and then milled with inorganic fillers (such as zinc 
oxide or carbon black, used also for ordinary rubber), and “vulcan¬ 
ized/* by heating to cause cross-links to form between the molecules, 
bonding them into an insoluble, infusible three-dimensional frame¬ 
work. I he resultant elastomers (silicone rubber) may be used for electrical 
insulation and for other purposes for which rubber is needed, especially 
at high temperature. 


Similar silicones with ethyl groups or other organic groups in place 
[>l the methyl groups are also used. 


The 
by use 
Second 


coating ol' materials with a water-repellent film has been achieved 
,lu ' methylchlorosilanes. A piece of cotton cloth exposed for a 
or two to the vapor of trimel/iylcMoiositane, (CHa)aSiCl, becomes 
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coated with a layer of 
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CH 3 

H 3 C I CH 3 

Si groups, through reaction with 


O 


R 


/ 


hydroxyl groups of the cellulose: 

(CH,)sSiCl + HOR — (CH,),SiOR + HC1 

The exposed soesh,, geoop, 

“ d A — “ b '“ 

found especially useful for ceram.c msulators. 


Exercises 

30.,. What is -he electronic structure of elementary M <* 

10J ':Zl. eh.™..-. -S— —« - “ 

ZZL —»■ —- or she .iesp.ee —«• - - “““““ 

30 . 7 . trer r n; —t -— - — - ■ 
nzzx .csissr.^ 

O o O 

\ / \ / \ / 

si s * /V / \ 

/ \/ \/ N/ x 

Si ,icon disulfide does form fibrous crystals of ...is son. 
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30-10. Compare the properties of talc and mica, and explain their differences in terms 
of their structure. 

30-11. What is Portland cement? What happens when it sets? 

30-12. What is the formula of a simple silicone? What is the difference in structure of 
silicone oil, silicone resin, and silicone rubber? 

30-13. What is the structure of the linear polymer (CH,) lc Si 0«? 

30-14. What do you think i* the structure of the silicone with the molecular formula 
(CHj)«Si*Os and the name hexamethylcyclotrisiloxane? What would you pre- 
. diet as to its properties? 

30-15. Draw possible structures for portions of the cross-linked polymer prepared by 
“co-hydrolysis’* of (CHs)iSiCU and CHiSiCU (disregard the problem of the end 
of the molecule and represent units in its middle). 

30-16. Descrit* the process for preparing a silicone rubber. 
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Chapter ji 


Thermochemistry 


In earlier chapters mention has been made that some chemical reactions 
In earlier c P whh lhc ev0 i u ii 0 n of heat, and some (endo- 

tions as the clectri p . c done by chemical means, is 

Tall" S-S-* Thermochemistry and thermodynamic 

chemistry arc a part of physical chemistry. 


31 - 1 . Heat of Reaction 

by causing the reactants, at room tcm ? craturc ’ of lhc products. If the 
tion, and then by determ. h * cactanls wcrc , the reaction is exothermic, 
products are warmer than is cndo thcrmic. For example, we 

know'that^ when's fuel burns in air the produeu are very hot. This 
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reaction, the combustion of a fuel, is a strongly exothermic reaction. 
On the other hand, when common salt is dissolved in water the solution 
is cooled somewhat below room temperature. This reaction, the solution 
of salt in water, is endothermic. 


Measuring the Heat of a Reaction. An instrument used to measure 
the heat of a reaction is called a calorimeter. Calorimeters arc made of 
various designs, corresponding to the nature of the reaction to be studied. 
A calorimeter of simple design is shown in Figure 31-1. This calorimeter 
consists of a reaction vessel, which may be built to withstand considerable 
pressure, in the center of a larger vessel filled with water, and provided 
with a stirrer and a sensitive thermometer. The larger vessel is sur¬ 
rounded by insulating material. 

If it is desired to obtain the heat of a reaction such as the combustion 
of carbon, a weighed quantity of carbon is placed in the reaction vessel, 
and oxygen gas is forced into the vessel under pressure. A reaction vessel 
for this purpose is strongly built of steel, to stand high pressure; it is 
called a combustion bomb. The temperature of the surrounding water is 
recorded, and the sample of carbon is ignited by passing an electric 


Belt drive 
for mechanical 
sti 


Magnifier 
\ for reading 
rmometer 

y 



igniting 
charge 

Bomb 
‘(reaction chamber) 


FIG. 31-1 
A bomb calorimeter. 




635 


[§ 37-71 Heat of Reaction 

current through a wire embedded in it. The heat liberated by the reac¬ 
tion causes the entire system inside of the insulating material to mcrease 
in temperature. After enough time has elapsed to permit the temper¬ 
ature of this material to become uniform, the temperature is again 
recorded. From the rise in temperature and the total water equivalent 
of the calorimeter (that is, the weight of water that would require the 
same amount of heat to cause the temperature to "“ “ne dogree ^ 
required to cause a rise in temperature of one degree of th * 
of the calorimeter inside of the insulation), the amount of heat ‘-boated 
in the reaction can be calculated. A correction must, of course, be made 
for the amount of heat introduced by the electric current that produced 

“'.St™ found b, experiments of this son that the heat of com- 
bustion of carbon in the form of graphite to carbon dioxide is 94,230 cal 
ories per gram atom of carbon. That is, the value of Q for the reaction 

c„ + o, —CO, 

is 94,230 cal. The heat of the reaction may be expressed by including 
the value of Q in the equation: 

, C " + o, —*- CO, + 94,230 cal 

Thereat of solution of sodium chloride in water might be determined 
by use of I calorimeter similar to that shown in:Figure 31-1 t>ut pro¬ 
vided with a central container in which water pUced^ 
bucket of salt crystals arranged in such a way as to permit the bucket 
0 bc dropped into the water during the experiment. A stirrer for the 

SrHSJKKKESK 

following equation: 

NaCl(r) + — Na+<**> + «-(**) - >-200 cal 


The Heat Content of a Substance. 


It has been found by experiment 
i he Meat “J""' V ery chemical substance at standard 

that it is possible ^ su< ll ,ha, the heat lib- 
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word enthalpy is often used for heat content.) It is customary to place 
the heat contents of the elements equal to zero. The heat content of 
carbon dioxide is then —94,230 calories per mole, since the amount of 
heat 94,230 calories is liberated when 1 gram atom of carbon combines 
with 1 mole of oxygen to form 1 mole of carbon dioxide. We see that 
the heat content of a compound is just equal to the heat of formation 
of the compound from its component elements, but with opposite sign. 
Thus a compound such as carbon dioxide which is formed from the 
elements by an exothermic reaction has a negative heat content. 

It is evident that it is not necessary to determine the heat of a partic¬ 
ular reaction by experiment. If the heat of formation of every compound 
involved in the reaction is known, the heat of the reaction can be cal¬ 
culated. Values of heats of formation of compounds from elements in 
their standard states are given in the chemical handbooks and other 
reference books. The standard reference books are F. R. Bichowsky 
and F. D. Rossini, The Thermochemistry of Chemical Substances , Reinhold 
Publishing Corp., New York, 1936, and F. D. Rossini, D. D. Wagman, 
W. H. Evans, S. Levine, and I. Jaffc, Selected Values of Chemical Thermo¬ 
dynamic Properties , Circular of the National Bureau of Standards 500, 
U.S. Government Printing Office, Washington, D.C., 1952. 

For example, suppose that we want to know the heat of reaction of 
carbon monoxide and oxygen to form carbon dioxide. The heat of 
formation of carbon monoxide from carbon and oxygen has been found 
by experiment to be 26,840 calorics per mole of carbon monoxide. 
We may express this by the following equation: 

C + JO- —*- CO -f 26,840 cal 

In this equation we have written jOj, instead of multiplying by 2 
throughout the equation, in order that the product should be 1 mole 
oi carbon monoxide. The heats of formation given in tables always 
refer to 1 mole of the compound. 

The heat of formation of carbon dioxide from carbon in its standard 
state (diamond) and oxygen is 94,450 ral/molc: 

C + O, —CO. -f- 94,450 cal 

By subtracting the first equation from the second, we obtain the result 

CO + J0 2 —CO, + 67,610 cal 

Hence we have found that the heat of reaction of carbon monoxide 
(1 mole) with oxygen to form carbon dioxide is 67,610 calories. 
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31-2. Heats of Ionic Reactions 

The theory of the complete ionization of strong electrolytes require 
that the properties of dilute solutions of these electrolytes be determine 
completely by the individual ions; for example, the properties of a 
dilute solution of hydrochloric acid are the properties of a solution of 

iTESi - “w sa* 

C,-(‘ ) NO,- -(aq). For the same reason the heat of mixing of dilute 
solutions of strong electrolytes is zero, unless one of the products is not 
a strong electrolyte. 

Example. The experimental data (heats of formation) for the above 
case arc the following: 

HrlW 39.56 HNO,(«f) 49.80 kcal 

So.l„ 107.33 N.aw> J™ 

146.89 146 88 

The sums are equal. For another se, of pairs they are unequal: 

2HC1M 79.12 2HNOj(a?) 99.60 


Hg(NO.)iM 


58.10 

137.22 


Hg CMaq) 50.1 1 
149.71 


tion Hg ++ M + 2C1 M a 8 ion ’ J thcsc considerations is to the 

An interesting spec PP found experimentally 

reaction of neutralization of an acid by a of any strong acid 

that the heat of "cu.raiuaW^ dj^ HC10l ] and any 

[HC1, H Br , HI, .. ^ H)j | u , 3 71 kcal p Cr equivalent. The 

strong bj [NaOH K ncutraliza ,ion is that the neutral.*.- 

acid and any strong base is the same, 

H+ + OH - —*- H 3 0 
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or, writing the symbol for hydronium ion explicitly, 

H 3 0 + + OH- —2H 2 0 

and 13.71 kcal is the molar heat of this reaction. The heat of neutraliza¬ 
tion of a weak acid or weak base is different, as illustrated by the fol¬ 
lowing experimental values: 

NH 4 OII + II + = NH.+ + IloO + 12.3 kcal 
H .S + OH- = HS" + H 2 0 + 7.7 kcal 

31-3. Heat Capacity; Heats of Fusion, Vaporization, 
and Transition 

The amount of heat required to raise the temperature of unit quantity 
(1 mole or 1 gram) of a substance by 1° C without change in phase is 
called the heal capacity (sometimes called specific heat) of the substance. 
Values of the heat capacity of substances arc given in tables which may 
be found in reference books. 

Some general rules exist, such as that the molar heat capacity (at 
constant pressure) of any monatomic gas is approximately 5 cal deg- 1 
mole- 1 , except at very low temperatures. The most useful rule (Kopp's 
rule) is that the molar heat capacity of a solid substance is the sum of its atomic 
heat capacities , with the value about 6.2 for all atoms except the light ones, for 
which values used are 

H Be B C N O F 

2-5 3.0 2.5 2.0 3.0 4.0 5.0 

The examples in Table 31-1 illustrate the agreement of this rule with 
experiment; the experimental values are for room temperature. 


table 31-1 


SUBSTANCE 

HEAT CAPACITY 

CAL DEG -1 G-« 

MOLAR HEAT 

CAPACITY 

SUM OF 

ATOMIC VALUES 

FROM RULE 

C. graphite 

0.160 

1.9 

2.0 col deg -1 mole -1 

Pb 

.0305 

6.3 

6.2 

Cul 

.066 

12.5 

12.4 

NH,8r 

.210 

20.6 

19.2 

CoCO, 

.208 

20.8 

20.2 

CaSO«. 2H?0 

.265 

45.7 

46.4 

H ; 0 (ice) 

.50 

9.0 

9.0 
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The rule of Dulong and Petit, dealing with the relation between the 
heat capacity of an element and its atomic weight, has been ment.oncd 

in Chapter 14. It is closely related to Kopp’s rule. 

The heat capacity of a liquid substance is usually somewhat larger 
than that of a solid. Water has an unusually large heat capacity. 

Heat of Fusion. A definite amount of heat is required to convert a 
crystal into the liquid at the melting point; this is called the heat off us, on. 
The heat of fusion of ice is 79.7 cal/g or 1,436 cal/mole. 

Heat of Vaporization. The heat absorbed on vaporization at the 
boiling point is the heat of vaporization; for water its value is 539.6 /g 

value, about 21. For example t P ^ ^ * 3 , 9 _ g _ 6 700 

vaporization of carbon dtsulfid , b*. 31 • of vapo rization of 

““ ,h= value Troo , on ., ruk , ppM . 

in,ermolL,.r torce, in .he U,uid,. due ,0 
the action of hydrogen bonds. 

l °Th^use'of these C thermal quantities in calculations is illustrated below. 
Example 1. What product would 

ofThe^ctL Cao + HiO(/) - Ca(OH), is 

16 .° kcal/mote. mole of Ca(OH) s , with heat capacity 

Solution. 82 m| Qf walcr , W i,h heat capacity 

(Kopp s rule) 19.2 cal cl I sysicm from 20° (room 

82 cal/deg. g ^ ^ r , mains 

temperature) kca |. Thc heat of vaporization of water 

^540 cal/g Whence about 7.9/0.54 = 14.6 g of water will be boiled 
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away, leaving as the product a mixture of 74 g of slacked lime and 
67 g of water at 100° C. 

In working this problem we have assumed that the vessel is 
open, and that the reaction is taking place under atmospheric 
pressure. 

31—4. Heats of Formation and Relative Electronegativity of Atoms 

In Chapter 10 it was pointed ouj that in general strong bonds are formed between 
atoms which differ in electronegativity, and weaker bonds between atoms with a smaller 
electronegativity difference. 

The most electronegative clement is fluorine, in the upper right corner of the periodic 
table, and the electronegativity of elements decreases toward the left and toward the 
bottom of the table. Hydrogen and iodine, although quite different in general, are 

approximately tqual in electronegativity. In the molecule H—1 2 the two atoms at- 

• • 

tract the shared electron pair which constitutes the covalent bond between them about 
equally. This bond is accordingly much like the covalent bonds in the elementary mole¬ 
cules H—H and M—4 2 . It is hence not surprising that the energy of the H—I bond 

is very nearly the average of the energies of the H-H bond and the I-I bond. The heat 
of formation of HI is only 1.5 kcal/mole: 

$Hj + $I 3 —►- HI + 1.5 kcal 

On the other hand, hydrogen and chlorine differ considerably in electronegativity, 
and we may assume the covalent bond in HC1 to have considerable ionic character, 

with the chlorine attracting the bonding electrons (resonance between H 2 Cl 2 and 

H* : 9i : This t' artial ionic character of the bond stabilizes the molecule, and causes 

hydrogen and chlorine to unite vigorously to form hydrogen chloride, which has the 
value 22 kcal. mole for its heat of formation: 

; 3 H 2 + SCI, —HCI + 22 kcal/mole 

The following statement may be repeated from Chapter 10: The greater the separation 
of two elements on the electronegativity scale , the greater is the strength of the bond between them. 

7 he electronegativity scale of the elements, given in Figure 10-11, was formulated largely 
Iroin the observed heats of formation of substances. 

The electronegativity scale is useful mainly in drawing roughly quantitative conclu¬ 
sions. Compounds between elements close together on the scale have small heats of 
formation, and tend to be unstable. Examples are NCU, CI 4 , SI,, PH,, AsH,, SiH«. 
Compounds between metals and non-metals, which are far apart on the scale, are in 
general stable, and have large heats of formation. The heats of formation of the alkali 
halides, such as NaCl, lie between 70 and 150 kcal/mole. 

I he quantitative relation between bond energy and electronegativity difference 
ma> Ik* expressed by an equation. For a single covalent bond between two atoms A 
and B the extra energy due to the partial ionic character is approximately 23(* A - * B )’ 
kcal mole; that is, it is proportional to the square of the difference in electronegativity 
of the two atoms, and the proportionality constant has the value 23 kcal/mole. For 
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example, chlorine and fluorine have electronegativity values>y -l 0: 

hence the heat of formation of GIF <conUm.ng one Cl-F^bono,^ pmd, 

giiigi1 esh=“ 

decimal place in Figure 10-11. would rcfcr dements in states in which 

Heats of formation calculated in this > ^ p _ and s> Nitr ogcn (N.) and 

tire atoms form single bonds as t ry o i . and oxygcn molecules are more 

oxygen (Or) contain multip>e " “ rc$p cc.welv, than they would be if the mole- 

stability, by using the equation 

Q = heat of formation (in Weal, mole) - 2320* - *B>’ - 

. . .. f . hv V is so be taken over all the bonds represented by the 

tZ -« mean, the number of nitrogen atoms in the 

formula, and n G the number of oxygen atoms. a 

A, an example, we may consider the substance nitrogen trichloride, N-CI. 

Nitrogen and chlorine have the Q * “ 55 kca,/mo,c< 

nothing. There is one nitrogen a o and that heat is lil>erated when it 

•- - oU which cxp,odcs casi,y ’ wllh great 

violence: 

2NCU —► Ns + 3Clt + HO Weal 

31 - 5 . Heats of Combustion 

Thermochcmical data to •%*,£££ "^n^S 
experimentally by burn ‘ n S Th , , aj tom b ul tion of the substances 

2 — i been desetibed 

above, SSI tT-^ “'-STS- £ 

customary basis for dc,cr ™‘ * d thc bo mb calorimeter, the 

A weighed sample of the ^ burncd Thc fuc i value or 

bomb is filled with oxyge , rcd , Q bc mea surcd by its heat of 

calorific value of the fue f f l arc purchased thc price 

combustion, and when "^ s «s in a bombcalori.neter. 

may be determined by he q[ fueb it U customary to use the 

ftLX- - <» T.U.) instead of tbe ea.orie a. to uni. of heat. 
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The British thermal unit is the amount of heat required to raise the 
temperature of 1 pound of water by 1 degree Fahrenheit. Since a pound 
is 453 g, and 1 degree F is 5/9 degrees C, the British thermal unit is 
equal to 5/9 X 453 = 252 cal. The calorific value of a fuel expressed 
in B.T.U. per pound of fuel has a numerical value 9/5 as great as that 
expressed in calories per gram. 

Example 2. The heat of combustion of ethylene, C 2 H 4 , is 331.6 kcal/ 
mole, and that of ethane, C,H 6 , is 368.4 kcal/mole. What is the heat 
of hydrogenation of ethylene to ethane? 

Solution. We are given the equations 

CiH A + 30, —>• 2CO, + 2H,0(/) + 331.6 kcal 
C*H 6 + 3JO, —- 2CO, + 3H,0(/) + 368.4 kcal 

By subtracting the second equation from the first, we obtain 

C,H< -f H,0(/) —»- C,H 6 -f- 2 O 2 — 36.8 kcal 

It is necessary to know the value of the heat of formation of water 
(given in the handbooks) in order to solve this problem: 

H, + JO, —>- H,0(/) 4- 68.4 kcal 

By adding this equation to the previous one we obtain the result 
C,H 4 4- H, —»- C,H* + 31.6 kcal 

Accordingly, the reaction of combination of ethylene with hydrogen 
to form ethane must be exothermic, the molar heat of hydrogena¬ 
tion of ethylene being 31.6 kcal. 

It is interesting to note that the heat of this reduction can be found 
without having to carry out the particular reaction at all—it can be 
obtained, as shown by the calculation we have just made, from meas¬ 
urement of the heat of combustion of ethylene, the heat of combustion 
of ethane, and the heat of combustion of hydrogen. Heats of combustion 
are ordinarily reliable to about 0.5%, which in this case would be 
±2 kcal. The molar heat of hydrogenation of ethylene has been deter¬ 
mined directly by carrying out the hydrogenation reaction (in the pres¬ 
ence of a catalyst) in a calorimeter. The value 32.8 ± 0.1 kcal was 
obtained by this direct method. 

Heat Values of Foods. One important use of foods is to serve as a 
jource of energy, permitting work to be done, and of heat, keeping the 
body warm. Foods serve in this way through their oxidation within the 
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hodv bv oxygen which is extracted from the air in the lungs and is 
carried to dJ tissues by the hemoglobin of the blood. The uhimate 
nroducts of oxidation of most of the hydrogen and carbon m foods are 
water and carbon dioxide. The nitrogen is for the most part converted 
• tn urea CO(NH?) 2 , which is eliminated in the urine. 

of foods and their relation to dietary require- 

p„„ 

pound, and pure carbohydrate (sug obtained by use of a 

k cal per pound. The fuels. The third 

bomb calorimeter just ^ nccded primarily for growth and 

main constituent of fooci - P ’ ; is the daily requirement 

for the repair of tissues. About°Jjthis amount of pro- 

Sn a is SOX:SS-U 

kcal of the 3,000 kcal required daily. 


Exercises . 

#w - 

. I . | w . rnmp > n«c data given in inis chapter. 

,he solution become U g absorbed i„ a dry cell in its 

31-2. What relation exist, between the heat liberal 
operation and the heat of the reaction 
Zn + 2NH.+ + 2MnO, — Zn(NH,).~ + 2 MnO(OH) 

The molar heat of formation of xinc 

1 - 

action of xinc and acue.ms and „..ng point is C. 

3 ‘- 4 - Could^dte"f^at‘of combustion of xinc in chlorine raise the temperature to the 

melting point of the kcal/ mole, and the heat capacity o, 

31-5. The heat of forma.ton 500* C. What is the maximum 

ssrr from an »- 


31-3. 
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31 - 6 . The molar heats of formation of NO and NO? are —21.5 kcal and —7.43 kcal, 
respectively. Is the reaction 2NO + Os —2NO? exothermic or endothermic? 
What is the heat of the reaction? 

31-7. A person with a distaste for exercise and dieting decided to lose weight by drink¬ 
ing a gallon of ice water a day. His normal daily diet had a caloric value of 
3,000 kcal; what fraction of this did he use up in warming the ice water (body 
temperature = 37° C)? 

31-8. What is the minimum amount of food (fat, say) which must be used by a 220-lb. 
man in climbing a 1,000-foot hill? 

31-9. From data given in this chapter and the following table of composition of foods, 
calculate the calorific value of the foods: 



Percent by 

Weight 


Protein 

Fat 

Carbohydrate 

American cheese.. 

28.8 

35.9 

9.3 

Whole milk. 

3.3 

4.0 

5.0 

White bread. 

9.3 

1.2 

52.2 

Butter. 

1.0 

85.0 


Potatoes. 

2.5 

0.1 

20.3 


31-10. Calculate the exact atomic weight of an element which has (as the solid ele¬ 
mentary substance) a heat capacity of 0.092 cal/g and whose oxide contains 
11.18% oxygen. 

31-11. A piece of metal weighing 100 g and at temperature 120° C was dropped in a 
liter of water at temperature 20.00° C. The final temperature was 20.53° C. 
What is the approximate atomic weight of the metal? 

31-12. The heat of solution of gaseous phosgene in excess base is 104.5 kcal/mole: 

COChOr) + 40H- —20" + CO,“ + 2HjO + 104.5 kcal 

The heat of solution of gaseous carbon dioxide in excess base is 25.1 kcal/mole. 
The heat of formation of hydrogen chloride gas is 22.0 kcal/mole, and its heat 
of solution in water is 17.4 kcal/mole. Calculate the heat of formation of 
phosgene. 

31-13. What is the heat of hydrogenation of methyl alcohol to methane? The heats of 
combustion of methyl alcohol and methane arc 182.6 and 213.0 kcal/mole, 
respectively. 






Chapter 32 


Oxidation-Reduction 

Equilibria 


What makes a chemical reaction go? This is a question which chemists 
and students have asked ever since chemical react.ons began to be m- 
vestigated At the beginning of the nineteenth century the question was 
lowered by saying that two substances react if they have a “chemical 
affinity” Jeach office. This answer, of course, had no vahie un«l some 
quantitative meaning was given to “chemical affinity, and some way 

was found for measuring or predicting it. 

It might be thought that the heat of a reaction is its driving lorce 

and that a reaction will proceed if it evolves heat, ^ Proce«! . 
would absorb heat. This idea, however, is wrong, many reactions pro 
«ed even though they absorb heat. For example, when mercuric: ox.de 

sssjSfiStScs:-'- 

reaches the equilibrium value. u. „ chemical 

Before entering upon the detailed discussion L 

reaction go, we shall, in ffie l3p3.res. 

tween heat and work, and the P ro ^ t hat the equilibrium be- 

r W. .h. . J-h* probabil- 
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ity. These factors are important also in chemical equilibria; together 
they constitute the driving force of a chemical reaction. 

32-1. Heat and Work 

The relation between heat and work is treated in courses in physics, 
and may be briefly reviewed here. Work is done by a directed force 
acting through a distance; the amount of work done by a force of one 
dyne acting through a distance of one centimeter is called one erg. If 
this amount of work is done in putting an object initially at rest into 
motion, we say that the moving obyect has a kinetic energy of 1 erg. All 
of this kinetic energy may be used -to do work, as the moving object 
is slowed down to rest; for example, a string attached to the moving 
object might serve to lift a small weight to a certain height above its 
original position. 

Another way in which the moving object can be slowed down to rest 
is through friction. The process which then occurs is that the kinetic 
energy of the directed motion of the moving body is converted into 
energy of randomly directed motion of the molecules of the bodies be¬ 
tween which friction occurs. This increase in vigor of molecular motion 
corresponds to an increase in temperature of the bodies. We say that 
heat has been added to the bodies, causing their temperatures to rise. 
'I hus, if one of the bodies was 1 g of water, and if its temperature rose 
by 1 °, we would say th«*t 1 cal of heat had entered it. 

The question at once arises as to how much work must be done to 
produce this much heat. This question was answered by experiments 
carried out in Manchester, England, between 1840 and 1878 by James 
Prescott Joule (1818-1889), after Count Rumford (Benjamin Thompson, 
1753-1814) had shown in 1798 that the friction of a blunt borer in a 
cannon caused an increase in temperature of the cannon. Joule’s work 
led to a value close to the more precise value now accepted for the 
mechanical equivalent of heat—that is, the relation between heat and 
work: 

1 cal = 4.185 joules = 4.185 X 10 7 ergs 

The large unit of energy introduced here, the joule, is 1 X 10 7 ergs. 
One joule is equal to the work done by the flow of one coulomb of elec¬ 
tricity through a potential difference of one volt, and hence it is also 
equal to 1 watt second: 

1 joule = 1 volt coulomb = 1 watt sec 
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It is interesting to note that 1 cal is a large amount of energy _Since 
the force of gravity on 1 g of water is 980 dynes, the water would1 have 
to fall through a height of 4.185 X 107980 = 42,690 cm or 1,400.feet 
to get enough kinetic energy to raise its temperature by 1 C when 

converted into heat. 

elec trie.ty stored mag passing through the wire causes 

the crcat amount ot electric cntiby v i on non° The tcin- 

taking it to a lower | cm P cra ^ ou , d bc foun d which would proceed 

strongly endothermic re lower and lower temperatures, 

rapidly, and would thus cool a s>. 

However, it is ®^ v ^7ow°temperaturcs involves the evap- 

The usual method of achieving p of a substan ce from the 

oration of a liquid. This pi ^ us sta tc at the boiling point, 

liquid state a, the boiling <)f hcat cqual to the hea, of 

is an endothermic rcac • • ^ For cxamp | t ., the heat of vapor- 

vaporization is absorlx d I When 18 grams of water 

i of w,.« » by £“ing ! ™r,c„, of »ir 

is made to evaporate at roo 1 10 571 calorics of heat 

over it in order to carry away ^‘-/^anlnt. Water is no, so 
is absorbed, and the sys ^ ^ther substances, such as diethyl 

effective for use in this w y ^^ ^ Thcsc substances are 

sometimes^lscd^o frt, a Lai. portion of the body for a.or surgical 

OP Ammo n nia, NH„ is usually used as the refrigerant in the manufacture 
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of ice. The way in which a commercial ice plant operates is indicated 
by Figure 32-1. Ammonia gas, which can be made to condense to a 
liquid at room temperature by compressing it, is passed through a 
mechanical compressor, indicated at the left of the figure. The com¬ 
pressed gas liquefies, giving out a quantity of heat equal to the heat of 
vaporization. This causes the liquid ammonia to be at a temperature 
considerably above room temperature. The warm liquid is passed 
through cooling coils, and heat is transferred to the cooling water, 



FIG. 32-1 The manufacture of ice with ammonia as the refrigerant. 


reducing the temperature of the liquid ammonia to room temperature. » 
The liquid is then allowed to pass through an expansion valve, into a 
region of low pressure. The liquid evaporates in this region of low pres¬ 
sure, forming ammonia gas, and absorbing an amount of heat equal 
to the heat of vaporization. This absorption of heat cools a brine bath 
in which the tanks of water to be frozen to blocks of ice are contained, 
and the gaseous ammonia is then ready to be compressed again. 

Ordinary domestic refrigerators operate in the same way. Instead of 
ammonia, other substances are usually used in domestic refrigerators; 
methyl chloride (CH 3 C1), sulfur dioxide (S0 2 ), and dichlorodifluoro- 
methane (CC1 2 F 2 ) are the common ones. The last of these substances, 
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ing system. . - vaDOrat ion of the liquid takes place, 

It is interesting to ask w y J\ c Thc cxp i an ation of this phe- 

even though this reaction t - on of pjoba bUity. Let us consider a 

nomenon is given by t e into which some water molecules 

large flask, with volume J ‘ ^ (ha( it wou ld be equally probable 

are introduced We mig W ould bc in any place in the flask 

that a particular water m 0Q0 thal , he molecule would oc- 

that the probability wou d ^ (hc flask. If enough water 

cupy any particular milliliter of howevcr< somc of the water will 

has been introduced into the fl • ’ Lct us suppose that there is 

liquefy, the rest remaining 5 as . w«ter po ^ ^ , he bottom of the flask 

1 ml of liquid water present in * r _ substance present in the flask 

At room temperature most of the fraction of the wa ter 

W i„ be in this P udd, %t l er vJP- Nol, although i, seems very 
molecules being present as watc P , n thc sma ll volume, 

improbable that a water mo ecu^ ^ instcad of occupying the re- 

1 milliliter, occupied by the liq know , ha , thc reason that the 

maining 9,999 milliliters of spa , * ^ liquid water is thc more 

water vapor condenses to liqu ds un ,ii ,he rate at which gas 

state, and that is « 1»*1 » ■* 

molecules strike the surfacc J leave the surface and escape into 

rate at which molecules o vVc see that the equilibrium state 

the gas. This is the oqu.hbnumsta which tends to concern 

involvcs a balance between the c l effect of prohabthly, 

trate the molecules into the liquid .phase £ ^ ^ <>f ^ fl k 

which tends to change the »q babi |i ly for thc gas phase 49,99 ) 

were flve many molecules would leave the 

- — iSXS^i, can be made to 
Accordingly, we sec th simply by increasing the volume 

cause more of the liquid to J ^ y proccss of refrigeration 

of the system. This is the J U reduced, by use of a corn- 

described above-. When the total ^ ^ , iquid phasc; and when 

pressor, more of the ^bstancc ch^g ^ subslanc c to pass through 
the volume is increased, by a <j( high pressure to the region of 

the reducing valve fr bsta b ncc evaporates. 

low pressure, more of „ cd thermodynamic chemistry a more 

In the branch of scien relative effects of energy and prob- 

detailed consideration is given to tne 
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ability. It has been found that the effect of probability can be described 
quantitatively by a new property of substances. This new property, 
which represents the probability of a substance in various states, 15 

called entropy. 


32-2. The Driving Force of Chemical Reactions 

We now are ready to discuss the question of the nature of the driving 
force of chemical reactions. 

In the preceding section we have pointed out that, m addition to 
the energy change taking place during a reaction, there is another im¬ 
portant factor involved, the probability of the states represented by the 
reactants and the products. This probability factor is described by 
the quantity called the entropy. Whereas the energy change that accom¬ 
panies a chemical reaction docs not depend very much on the pressures 
of the gases or the concentrations of the solutes involved in the reaction, 
the entropy change does depend on these partial pressures and concen¬ 
trations. In general, a system held at constant temperature will reach 
a steady state, called the state of equilibrium. In this state of the system 
the reaction has no preferential tendency to proceed either forward or 
backward; it has no driving force in either direction. If, however, the 
concentration of one of the reactants (a solute or a gas) is increased, a 
driving force comes into existence which causes the reaction to go in 
the forward direction until the equilibrium expression, involving the 
concentrations or partial pressures of reactants and products, again 
becomes equal to the equilibrium constant for the reaction. 

It is clear from these considerations that the driving force of a reaction 
depends not only on the chemical formulas of the reactants , and the structure of 
their molecules , but also on the concentrations of the reactants and of the products. 

A great step forward was made around the end of the last century 
when it was found that an energy quantity called its free energy can 
be assigned to each substance, such that a reaction in a system held at 
constant temperature tends to proceed if it is accompanied by a de¬ 
crease in free energy—that is. if the free energy of the reactants is greater 
than that of the products. The free energy of a substance is a property that 
expresses the resultant of the energy (heal content) of the substance and its inherent 
probability (entropy). If the substances whose formulas arc written on the 
left of the double arrow in a chemical equation and those whose formulas 
are written on the right have the same entropy (probability), the reac¬ 
tion will proceed in the direction that leads to the evolution of heat— 
that is, in the exothermic direction. If the substances on the left and 
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those on the right have the same energy, the reaction will proceed from 
the substances with the smaller probability (entropy) toward the sub¬ 
stances with the greater probability (entropy). At equilibrium when a 
reaction has no preferential tendency to go in e.thcr the forward or the 
backward direction, the free energy of the substances on the left side » 
exactly equal to that of the substances on the r.ght side. At eqmlthr.um 
the driving force of the heat-content change (enthalpy change) accompany,ng a 
reaction is exactly balanced by the driving force of the pMl.ty change (entropy 

^ The discovery of the relation between equilibrium constant and free 
energy has simplified the task of systcmatizmg chemical reactions. 
Chemists might determine, at 25° C, say, the value of «hf cqu.l.bnum 
constant of each reaction in which they are interested. This would be 

can be seen by J a “'ich corfepond » 57 didcren. eleebon 

are 57 X 56/2, or , . reactions. The 57 numbers in the 

can be formed from the 57 elec thc , i596 values of their 

table can be combined in such a w y . ^ ( ^^ pcrmils a prcd iction 

equilibrium constants; accordi g y, reactions will tend to 

to be made as to whelhe.-"y ^^L A similar table given 
go in thc forward dircctio illrn |,y W. M. Latimer occupies 

in the book on oxidation potentials vn^ Y.^ pcrmils on e to 

nine pages; the <ons(an ts for about 85,000 reactions, 

calculate values of the cq f ihcsc-85,000 reactions would 

A table giving the cqu.l.br.um constan.s for these ^ La|imer ., 

occupy 1,750 pages of the a ■ 1 equilibrium constants were 

book; and, moreover, it »■'"J " £^ermined by separate ex- 

'SKoTi-vc been able to gather nearly so much 

information about tlu^aet,on,. ^ cons|itutcs a complex 

The study o intro duction to it can be given in a course in 

“2 '•‘ th ch “ 6 " 
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accompanying oxidation-reduction reactions; a similar treatment can 
also be given to other reactions. 


32-3. The Table of Standard Oxidation-Reduction Potentials 

In the discussion of oxidation-reduction reactions in Chapter 11 a brief 
table was given of oxidation-reduction couples arranged according to 
strength, the couple with the strongest reducing agent being at the top 
of the table and that with the strongest oxidizing agent at the bottom. 
Table 32-1 is a more extensive table of this kind. 


TABLE 32-1 Standard Oxidation-Reduction Potentials and Equilibrium Constants (The 
values apply to temperature 25° C, with standard concentration 
for aqueous solutions 1 M and standard pressure of gases 1 atm.) 



P 

K 

11 - U* + .. 

3.02 

4 X 10“ 

C. - Cs* + .. 

3.02 

4 X 10“ 

Rb - Rb* + •". 

2.99 

2X10“ 

K-K* + «T... 

2.92 

1 X 10** 

*/iBo - '/aBo** + • . 

2.90 

5X10 4 * 

*/lSr - Vi Sr** + • . 

2.89 

4 X 10** 

•/iCo - yaCa~ + .. 

2.87 

2 X 10** 

No - No* + •". 

2.712 

4.0 X 10*» 

'/jAI + 5aOH" - '/jAI(OH).- + •". 

2.35 

3 X 10* 

'/|M 0 - + .. 

2.34 

2 X 10* 

'/aB® - */aBe** + . 

1.70 

4X10" 

>/jAI - '/aAl*** + .. 

1.67 

1 x 10 » 

'/aZn + 20H- - '/aZn(OH), * + . 

1.216 

2.7 X 10* 

'/aMn - '/jMn** + •. 

1.05 

4 X 10‘ 7 

ViZn + 2NHj - '/aZnlNH,),** + •*. 

1.03 

2 X 10“ 

Co(CN),-= Co(CN), * + e". 

0.83 

1 X 10“ 

ViZn - '/aZo** + .. 

y 62 

6.5 X 10“ 

'/lH,C : 0«(oq) - CO; + H* + e". 

.49 

2X10* 

*/aFo - Vife‘* + . . 

.440 

2.5 X 10 7 

'/aCd - VaCd’* + e". 

.402 

5.7 X 10* 

'/a Co = '/a Co** + .. 

.277 

4.5 X 10* 

VaNi — '/iNi** + .. 

.250 

1.6 X 10* 

T + Cu = Cull*) + . 

.187 

1.4 X 10* 

Vi Sn = '/aSn~ + .. 

.136 

1.9 X 10* 

ViPb = VaPb** + . 

.126 

1.3 X 10* 

'/a Hj — H* + .. 


1 

'/aHjS = '/aS + H* + •". 

-0.141 

4.3 X 10-* 
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17 t a hle wc see that of the substances listed lithium metal is 

weakest. f h stan dard potential E°. 

There is given for each couple the valueme, ^ 

This is the potential developed by t _i_ 

the reference point, 

with E° = 0. 

table 32-1 {continued) __ 


Cu+ - Cu* 4 + . 

Vi HjO + '/aHjSO, - ’/aSOr + 2H* +•'••• • 

•/aCo - '/aCu~ + .. 

F.(CN).-- MCN).— . .. 

20H" + Vi Clt - CIO- + HtO + . 

r - '/aM«) + • . 

MnO«" " - MnOr + •" . 

y,OH- + VaMnOi - ’/>MnO/ + ^HaO + * 

OH" + */aCIO - - VtOOt- + VaHjO +. 

’/aH,0, - 'AO, + «* + .. 

F*~ - F#**~ + . 

H 0 - '/aHoi** + .. 

Aq - A 0 4 + .. 

H,0 + N0, - NO,- + 2H* + .. 

*/aH 0 - '/aHo* 4 + .. 

•/ihoi~ - ho 44 . .. 

'/iMNO, + '/.H.O - ’/.NO, + *." + * ‘ 

NO + H.O - HNO, + H* +• ••• 

ViOOr + '/a HjO - '/aClO. + M ' 

hr~ - VaBri(l) + •". 

H,0 + Vi Mn 44 - '/aMnOi + 2H* + • 

Or - ttCIa + .. 

%HjO + */aCr~ 4 - K Cr *° ! + 

V*Au - y>Au*~ + .. 

wwo + Hcr 

%h,o + HM " 44 - HMn°r + ‘ H + 

'/iOi + HjO - HClO + H* +. 

HjO - %HjOa + H 4 + •'. 

Co* - * - Co*'*-* + .. 

F- - '/,F, + ..H 


f° 

K 

-0.167 

1.6 X !0-> 

-0.20 

4 X IO" 4 

-0.345 

1.6 X \0~* 

-0.36 

9 X 10" T 

-0.52 

2 X 10~* 

-0.53 

1 X io-* 

-0.54 

1 x io-* 

-0.57 

3 X 10-“ 

-0.59 

i x io-“ 

-0.682 

3.5 X 10"“ 

-0.771 

i.i x io-“ 

-0.799 

3.7 X 10““ 


+ • 


|H* + • 


-0.800 
— 0.81 
-0.854 
-0.910 
-0.94 
-0.99 
- 1.00 
-1.065 
-1.28 
-1.358 
-1.36 
-1.42 
-1.45 
-1.52 
-1.63 
-1.77 
-1.84 
-2.85 


3.5 X 10-“ 

3 X 10"“ 

4.5 X 10-“ 
5.0 X 10-“ 

2 X 10-“ 

2 X 10“ 

2 X 10-“ 
1.3 X 10-“ 

3 X 10« 
1.5 X 10-* 

1 X 10-** 

1 x io-* 4 

4 X 10"» 

3 X 10-* 

4 X 10“ 

2 X IO' 10 
1 X 10“" 
1 X 10" rt 
































65 4 Oxidation-Reduction Equilibria [Chap. 32] 

For example, a cell made with a strip of zinc as one electrode, in con¬ 
tact with a solution 1 M in Zn++, and a piece of platinum over which 
bubbles of hydrogen are passing as the other electrode (Fig. 11-4) would 
develop the potential 0.762 volt, this being the value given in the table 

for the couple -,-Zn = JZn ++ + e~. 

The potential of a cell depends on the concentrations or partial pres¬ 
sures of the reacting substances. The standard concentrations of the 
dissolved substances in Table 32-1 are taken to be approximately 1 M 
(more accurately, unit activity, correction being made for deviation from 
the perfect-solution law), and the standard pressure for gases is 1 atm 
(corrected in very accurate work for deviation from the perfect-gas law) 


32-4. Equilibrium Constants for Oxidation-Reduction Couples 

The zinc-hydrogen cell develops a large electric potential. 0.762 v, be 
cause the over-all reaction 


JZn + H + ^ }Zn++ + 

which represents the reduction of hydrogen ion by zinc metal, has a 
strong tendency to go to the right, and in a cell so built that the electron 
reactions occur at separate electrodes this tendency results in electrons 
being forced into one electrode by the electrode reaction and pulled out 
of the other. It is clear that the equilibrium constant. 


[H + 


for the over-all reaction must have a large numerical value, correspond¬ 
ing to the tendency of the reaction to proceed to the right. 

Half a century ago it was shown by physical chemists from the laws 
of thermodynamics that the equilibrium constant of the over-all cell 
reaction can be calculated from the potential of the cell. In fact, we can 
calculate from standard potentials of the couples, as given in Table 32-1, 
values of equilibrium constants for the couples; these values are also 
given in th<* table. 


The relation between the equilibrium constant and the standard potential is 
RT\u K = E"F 

where R is the gas constant, T the absolute temperature, and F the faraday. At 25° C 
this reduces to 


log K = 16.8 



[§ 32-4 ] Equilibrium Constants for Oxidation-Reduction Couples 655 

The Quantity E‘F (product of potential and quantity of electricity) i* an energy quan- 
amount of c.ctric Z 

gram equivalent weight o sui stance clcctfic cncrgy can be completely used in 

Z^Str^reo^e^ly equal to the free-energy decrease accompanying 

dynamics which « » b '™ h ° 'chemical thermodynamics by means of which 

been made in formula ng a > ( (q which a possible chemical reaction may 

prediction can be made o ^ p arl of lhis progress has been 

take place and the condmons w , hc determination of cell potentials, 

“ ~ h - 

electron diffraction and spectroscopy. 

couple 

*Zn 4Zn ++ + '“ 

. (- _ ASX 10 15 . For this reaction the cqui- 

thc constant is given as A _ ( |>c convention adopted 

librium expression is written according 

in Chapter 20 as 

K - [Zn ++ l‘l' - l 

, , , ann ., r ; n ,hc denominator because the activity 

(The term (Zn) docs not app a giv( . n temperature 1 and is 

of a crystalline substance is ■ ^ ,® js product which has the 

conventionally taken cqua > 

value 6.5 X 10' 2 . nuantitv the electron con- 

This is, however, not of use un j, can l )C eliminated by 

=£ r S-Ir^r-,.s for the reaction 

we havl 7Z^ «Hc table as 1 (corresponding to * = <>), which 
leads to 


|H + ]|r~l = , 

pH,* 

By dividing this into the above equation we 

!Zn++lM*~l = 

lH + ][« - ]/pii.' 


obt.'in 


1 
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We now cancel the term [e~] and obtain the result 

= 6.5 X 10“ 

This is the equilibrium equation corresponding to the reaction 
JZn + H + $Zn*+ + *H 2 

We may for convenience square the equilibrium expression, obtaining 

= 42 X 10* 

corresponding to the reaction 
Zn + 2H + Zn++ + H* 

This tells us that the equilibrium pressure of hydrogen for the reaction 
of zinc with acid is extremely great; the reaction cannot be stopped by 
increasing the pressure of hydrogen, but will proceed until all of the zinc 
is dissolved. 

On the other hand, for tin the equilibrium expression is 

= 0-9 X 1 0 , ) J “ 3-6 X 10 4 

Hence equilibrium would be reached, for example, by having 
ISn^] = 1, Pn, = 3.6 atm, and [H + ] - 0.01. 

Additional illustrations of the use of the table are given in the follow¬ 
ing sections. 

You will have noticed that the electron reactions are all written in 
Table 32-1 so as to produce one electron. This is done for convenience; 
with this convention the ratio of two values of K gives the equilibrium 
constant for the reaction obtained by subtracting the equation for one 
couple from that for another. It is sometimes desirable to clear the 
equation of fractions by multiplying by a suitable factor; as we have 
seen from the examples given above, and as we know from the definition 
of equilibrium constant, this involves raising the equilibrium constant 
to the power equal to this factor. 

The Combination of Two Related Couples to Form a Third Couple. 

Two couples which have a substance in common can be combined to 
form a third couple, and the position of this couple in the oxidation- 
reduction table can be found from the data for the other two. 

In making such a calculation do not try to learn new rules about how 
to use oxidation-reduction potentials; instead, make use of the knowledge 
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that vou already have about equilibrium constants in general to derive 

does no, give the potential for the electron reacnon 
Cu =?=* Cu + + e~ 

You would notice that the table includes .he «wo related electron re- 
actions 

JCu ^ £Cu ++ + 

and 

Cu + *=* Cu++ -4- r 

with the respective equilibrium expressions 

[Cu ++ 1* l* - l = 1-6 X 1°”* 

and 

[Cu++HcJ _ , 6 x 10 -» 

[Cu + ] 

By squaring the firs, equation we obta.n 
fCu ++ )l< - l* “ 2.6 X 10-* 

Dividing this by the second we ge, as the desired express.on 

[CU++1U-1 16 X 10 

ICu + ] l*~ 1 = > - 6 x ,0_ * 

This is the equilibrium expression corresponding to the react.on 

which results from multiplying '^ ^[’'’"^^rcuprous-ion-^upric-ion 
ten above by the factor 2 and subtractmg 

equation. 

32-5. Examples Illustrating the Use of Standard 

Oxidation-Reduction Potentials ^ ^ ^ b> lri „ cn „ 
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can be determined whether or not a given oxidizing agent and a given 
reducing agent can possibly react to an appreciable extent, and the 
extent of possible reaction can be predicted. It cannot be said, however, 
that the reaction will necessarily proceed at a significant rate under given 
conditions; the table gives information only about the state of chemical equilib¬ 
rium and not about the rate at which equilibrium is approached. For this reason 
the most valuable use of the table is in connection with reactions which 
arc known to take place, to answer questions as to the extent of reac¬ 
tion; but the tabic is also valuable in telling whether or not it is worth 
while to try to make a reaction go by changing conditions. 

Some ways in which the table can be used are illustrated below. 

Question 1. Is fcrricyanide ion a stronger .or a weaker oxidizing agent 
than ferric ion? 

Answer. We see from the table that the fcrrocyanide-fcrricyanide 
potential is larger than the ferrous-ferric potential; hence ferro- 
cyanide ion is a stronger reducing agent than ferrous ion, and 
fcrricyanide ion is a weaker oxidizing agent than ferric ion. 

Question 2. Would you expect reaction to occur on mixing solutions 
of ferrous sulfate and mercuric sulfate? 

Answer. The ferrous-ferric couple has potential —0.771 v and the 
mercurous-mercuric couple —0.910 v; hence the latter couple is 
the stronger oxidizing of the two, and the reaction 

2Fc ++ + 2Hg‘ Hf - 2Fe +++ + Hg.^ 

would occur, and proceed well toward completion. 

Question 3. What would you expect to occur on mixing solutions of 
ferrous sulfate and mercuric chloride? 

Answer. The above oxidation-reduction reaction would take 
place: in addition, when the solubility product of the very slightly 
soluble salt Hg 2 Cl 2 is reached, this substance would precipitate, 
keeping the concentration [Hg^ 4 ^] low and causing the oxidation- 
reduction reaction to go further toward completion than in the 
previous ease. 

Question 4. In the manufacture of potassium permanganate a solu¬ 
tion containing nianganale ion is oxidized by chlorine. Would bromine 
or iodine be as good? 
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Answer. From «he table we see that the values of E» and K are 
the following: 

L* 

-0.54 
-1.358 
-1.065 
-0.53 


MnOr - = MnOr + ' 

ci- = \cu + 

Br - = JBr s (/) + * 

\- = il 5 (r) + e~ 


K 

1 X io-» 
1.5 X 10-“ 
1.3 X 10-" 
1 X 10 -* 


. r • u so close to that lor manganatc-pcrman- 

The value for tod me ts so clos (approaching comple- 

-. --—» 

much, and so should not be used. 

5. 

ion, which reacts with cupr.c: i ion of thc cupr ous-ion-cupr.c-ion 

■——*■ 

reactants: 

Cu ++ + I" =J=* Cu + + Uj( j ) 

The equilibrium expression is, in fact, 


[Cu+ 


6 X JO"’ 


rcu^ilFl 

liirhtlv soluble, with solubility product 
But cuprous iodide is very shghtly solu 

* SP = tCu+llI-1 = 4 X 10-’ 

, ruI lhc concentration of cuprous .on 
Hence by prec.puat.on ol «-• . lion . r( . duc , io n reaction to go 

is made very small cammR 1 ^ consla nt for the react.on 

essentially to completion. The | 

Cu++ + 21“ =?=£ Cul(r) + 

is seen to be 

1 = ^ X 10‘ 

[CU++HI-]* 4 
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or 


ICu ++ ] 


7 X IQ" 6 

[I-] 2 


which shows that if there is a reasonable concentration of iodide 
ion present the reaction continues until the cupric ion concentration 
becomes negligibly small. 


Exercises 

32-1. What oxidizing agents might be selected to oxidize manganous ion to per¬ 
manganate ion? 

32-2. What pressures of hydrogen arc necessary to cause lead to precipitate from a 
1 M Pb*'*’ solution at pH 0, 1, and 2? 

32-3. Calculate the equilibrium constant for the reaction 
Ni + Cd*+ Ni~ + Cd 

32-4. Calculate the equilibrium constant for the decomposition of hydrogen peroxide 
into oxygen and water. 

32-5. Compare the numerical values of the free energy of decomposition and the 
heat of decomposition of hydrogen peroxide into oxygen and water. 

32-6. What concentration of sulfurous acid is necessary to cause the precipitation of 
metallic copper from a 1 F CuSO« solution? from a 0.01 F CuSO« solution? 
Assume />H 0 in each case. 

32-7. If some mercury were allowed to stand in contact with a 0.1 F solution of ferric 
sulfate until equilibrium were attained, what would be the concentrations of 
all ionic species in the solution? 

32-8. Do you think that cadmium could replace zinc for reducing ferric ion to the 
ferrous state preliminary to permanganate titration? Could metallic iron itself 
be used as the reducing agent for this purpose? 

32-9. Why is the standard potential for the zinc-zincate-ion couple larger than that 
for the zinc-zinc-ion couple? 

32-10. Is aluminum a stronger or a weaker reducing agent in use with basic solution 
(/>H 14) than with acidic solution (pH 0)? 

32-11. Would chlorine be liberated if a solution of hypochlorous acid and one of hy¬ 
drochloric acid were mixed? if a solution of sodium hypochlorite and one of 
sodium chloride were mixed? Explain. 

32-12. Calculate the acid constant of HOC1 from the data of Table 32-1. Compare 
with the value quoted in a previous chapter. 

32-13. Calculate the potential of an Hg-HgjCli electrode in 1 F KC1 from the data 
of Table 32-1 and the value of A'$p (2 X 10~ ,s ) of HgjClj. 

32-14. Can H a S reduce ferric ion in acid solution? cupric ion? mercuric ion? 
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32-15 What would bo the ratio of concentrations of bromide ion and iodide ion in an 
aqueous solution saturated with brom.ne and .odme. 

32-16. Wha, happens when permanganate ion is added to manganous .on m ac.d 

32-17. c!Z: the potentia. of the oxygen.electrode in 1 * acid and a, ,H 7, using 
the data on hydrogen peroxide of Tabic 3*1. 

32-18. Using the data of Exercise 32-17, decide how muchchionne can be formed 
by bubbling oxygen through 1 N HCI; throug ' , 

32-19. What chemical reaction is possibje MnO, and HA J- - 

Wha, chemical react.on a P-** ‘ for , he dccomp o,i.ion of H.O.? 

f„ an w y h°: ^rrabt 32 W , hy am mher c a ata,ys y ts for this decompos.tion Hke.y to 
occur? 
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Chapter 33 


Nuclear Chemistry 


The field of science dealing with the nature and reactions of the funda¬ 
mental particles and of atomic nuclei has developed more rapidly during 
the past twenty years than any other field. Work in this branch of science 
has been carried out by both physicists and chemists, and the field itself 
may be properly considered to be a borderline field between physics 
and chemistry. The discussion of nuclear science in the present chapter, 
under the title “Nuclear Chemistry,” is designed to cover the whole 
subject, but with special emphasis on its chemical aspects. 

Nuclear chemistry has now become a large and very important branch 
of science. Over four hundred radioactive nuclides (isotopes) have been 
made in the laboratory, whereas only about three hundred stable nu¬ 
clides have been detected in nature. Three elements—technetium (43), 
astatine (85), and promethium (61)—as well as some trans-uranium 
elements, seem not to occur in nature, and arc available only as products 
of artificial transmutation. The use of radioactive isotopes as “tracers” 
has become a valuable technique in scientific and medical research. The 
controlled release of nuclear energy promises to lead us into a new 
world, in which the achievement of man is no longer severely limited by 
the supply of energy available to him. 

3*4—1. Natural Radioactivity 

After their discovery of polonium and radium in 1896, the Curies found 
that radium chloride could be separated from barium chloride by frac¬ 
tional precipitation of the aqueous solution by addition of alcohol, and 
by 1902 Madame Curie had prepared 0.1 g of nearly pure radium 
chloride, with radioactivity about 3,000,000 times that of uranium. 



. . 003 

;§ 33-1] Natural Radioactivity 

Within a few years it had been found that natural rad^ve materials 
emit three kinds of rays capable of sens.uz.ng the Paraph ^ 
(Chap. 3). These rays cajjec1 «^ 

2S * -s “ s 

active elements) cause regression of cancerous growths. These ray 



FIG. 33-1 The uranium-radium srrirs 
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affect normal cells, “radium burns’* being caused by overexposure; but 
often the cancerous cells are more sensitive to radiation than normal 
cells, and can be killed by suitable treatment without serious injury to 
normal tissues. The medical use in the treatment of cancer is the main 
use for radium, which now costs about S20,000 per gram. Since about 



FIC;. 33-2 


/ hr umnium-ntlimurn senes. 


1050 considerable use has also been made of the artificial radioactive 
isotope cobalt 60 as a substitute for radium (Sec. 33-4). 

Through the efforts of many investigators the chemistry of the radio- 
ac live elements of the uranium series and the thorium series was un¬ 
raveled during the first two decades of the twentieth century, and that 
of the neptunium series during a few years from 1939 on. 
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[§ J3-7] Natural Radioactivity 

The Uranium Series of Radioactive Disintegrations. When an a 
particle (He++) is emitted by an atomic nucleus the nuclear charge 
decreases by two units; the element hence is transmuted into the elc- 
c y „lu™ » ihe « in the periodic »b,e. I« J ^ 

bv 1 unit with no change in mass number (only a very small decrease 
in atomic weight); the element is transmuted into the element one co - 



FIG 3 3-3 The thorium senes. 

caused by emission of a 7 ray- uranium . radium series arc shown in 
The nuclear reactions uran ium, U*", constitutes 99.-8 

Figure 33-1. The pnncipa1 i k ^ ^^ „ ( 4 , 500 .000.000 years. 

of the natural element. This .sot >1 ^ fonnin( , Th »i. This .sotope 

It decomposes by emitting a I j wJ|h & emission,* forming Pa-*\ 

of thorium undergoes deco P - dj|Trrcn , i ia |f-liv«. 

• It is interesting to note that two isotope* 


666 Nuclear Chemistry [Chap. 33] 

which in turn forms U 234 . Five successive a emissions then occur, giving 
Pb 2M , which ultimately changes to Pb 206 , a stable isotope of lead. 

It is interesting that some nuclides can decompose in two ways, by. 
the emission of an a particle and by the emission of a 0 particle. An ex¬ 



ample is Bi 2N , which by the emission of an a particle can form Tl 210 or 
by the emission of a d particle can form Po 214 . 

The uranium-actinium series, shown in Figure 33-2, is a similar 
series beginning with L T23S , which occurs to the extent of 0.71% in nat¬ 
ural uranium. This series leads, through the emission of seven a particles 
and four /3 particles, to the stable isotope Pb 207 . 
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[§ 33-2} The Age of the Earth 
The Thorium Series. The third natural radioactive series begins with 
the long-lived naturally occurring isotope of thorium Th , which has 
half-life 1.39 X 10“ years (Fig. 33-3). It leads to another stable .sotope 

of lead, Pb“ 8 . 

The Neptunium Series. During the last war the fourth radioactive 
series was discovered. This series (Fig. 33-4) is named after its longest 
UvTd member, which is Np~. The 

ssl - -»- 

—the emission of 0 particles, wit m . have mass numbers 

follows (n being integral): 

the 4 n scries - the thorium scries 
the 4n + 1 series = the neptunium senes 
he Z + 2 series = the uranium-radium scr.es 

Z fn X 3 SS - .1.= u r,«it.m.,e.i»ium 

33 - 2 . The Age of the Earth 

• radioactive elements can be 

Measurements made on rocks con ai t ^ al has elapsed since 

interpreted to provide rough va u<s o of wo uld in its half- 

thc rocks were formed. For example, on< * of yaj* anc j lo pro¬ 
life of 4.5 billion years decompose: to ca (fr a ch atom of U 23 * 

duce 0.0674 g of helium and 0.4J-: b wilh total mass 32, 

which decomposes forms eight a or > un( of helium gas cn- 

l~to, o„= atom of rb».) *£££££■„** ratio, of helium 

trapped in uranium ores have s found indicate, however, that 

to uranium *“ K» billion yea., _ '._ 

the rocks arc very old, up to a max,m of or ,. s of thorium have 

Values of about 2 X 1 ( F > <ars or f oU nd in the lead in these 

also been estimated from the < x< ‘ sS ° , rocks by determination 

ores, and similar values have * < n o > ^ potassium in the rocks, 

of the isotopic composition of strontmi n|j . <)f iso , 0 p t . s have also 

Calculations based upon thr ooscr 
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been made which indicate that the solar system has an age of about 
3.3 X 10 9 years. 


33 - 3 . The Fundamental Particles 

All of the particles that exist in nature have been found to undergo 
reactions in which they are converted into or obtained from other 
particles or radiation. There are, then, no particles which are immu¬ 
table, and which can be said to be truly fundamental. 

For example, two photons which together have energy equivalent to 
the mass of an electron and a positron (see the following paragraphs) 
can disappear at the same time that an electron and a positron arc pro¬ 
duced; also, an electron and a positron can disappear at the same time 
that two high-energy photons arc produced. 

The fourteen particles mentioned in Table 33-1 are the simplest 
known particles.* These particles can be considered to serve as the 
building units for more complicated forms of matter. Thus the dcutcron, 
the nucleus of H 2 , can be considered to be built up from a proton and a 
neutron. 

The electron has been discussed throughout this book. It was the 
first of the simple particles to be recognized. The electron is a stable 
particle—it can be destroyed only by reaction with other particles. 

The proton, the nucleus of the ordinary hydrogen atom, was observed 
as positively charged rays in a discharge tube in 1886, by the German 
physicist Eugcn Goldstein. The nature of the rays was not at first under¬ 
stood. In 1898 the German physicist Wilhelm Wien determined their 
ratio of charge to mass, and more accurate measurements of this sort, 
which verified the existence of protons as independent particles in a 
tube containing ionized hydrogen at low pressure, were made by J. J. 
Thomson in 1906. The proton is a stable particle. 

The next simple particle to be discovered was the positron, found in 
1932 by Carl Anderson (born 1905). Positrons were found among the 
particles produced by the interaction of cosmic rays with matter, f 
They seem to be identical with electrons except that their charge is 
+c instead of — e. The positron is classed as a stable particle, because 
positrons have not been observed to be destroyed spontaneously. How¬ 
ever, the span of life of positrons when under observation is very short. 

* Wo have included the photon and the neutrino in this tabic of particles, although they 
are somewhat different from other particles, in that they do not have any rest mass, and move 
only with the speed of liijht. (The value of the rest mass of the neutrino is uncertain, but it 
is probably zero.) 

t Cosmic rays arc discussed in a later section. 
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TABLE 33-1 The Simplest Known Particles 

Masses are rest masses in units equal to the mass of the 
The half-lives refer to spontaneous destrucuon of the 
with other particles. A particle described as stable has not 

particles, se.er.1 «h~ Ptcbabl, 
mass about 900 (r mesons), 1,240, and 500. 


POSITIVE PARTICLES 
ELECTRIC CHARGE e 


Positron 
Moss 1 
Stable 

Discovered 1932 


Proton 

Mass 1.836.14 
Stable 

Discovered 1900 


Positive p meson 
Mass 210 

Half-life 2 X lO^sec. 
Discovered 1936 


Positive ir meson 
Mass 275 

Half-life 1 X 10 * sec. 

Discovered 1947 


Positive V particle 
Mass ~ 2.200 
Half-life 10~‘° sec. 
Discovered 1947 


NEUTRAL PARTICLES 
CHARGE 0 



Neutron 
Moss 1.839.0 
Half-Ilf* 1 5 min - 

Discovered 1932 


(NeOtrol n meson 
not known) 


Neutral » meson 

Moss 263 

HoH-lif* 1 X 10 "sec. 
Discovered 1950 

Neutral V particle 
Moss 2.200 

Molf-lif* 2X*° ,0 ”<- 

Discovered 1947 


Photon 
Rest moss 0 
Stable 


Neutrino 
Rest moss 0 
Stoble 


electron, 9.1072 X 10“* g- 
particle, and not to reaction 
been observed to decompose 

exist, including mesons with 


NEGATIVE PARTICLES 
CHARGE —e 

Electron 
Moss 1 
Stable 

Discovered 1096 


(Negative proton 
not known) 


Negolive ». meson 
Moss 210 

HoH-life 2 X 10 * sec. 
Discovered 1936 


Negotive * meson 
Moss 275 

Holf-lif* l X 10 * »*c. 
Discovered 194 7 

Negolive V particle 
Moss 2.200 
Halt-life 10 ,, »*c. 
Discovered 1947 
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The concentration of electrons under ordinary conditions on the earth’s 
surface is such that positrons have an average lifetime while under 
observation of about 10” 9 sec. The reaction that destroys positrons 
is the combination of a positron and an electron with neutralization of 
their electric charges, -f e and — e, and the production of two photons. 
The two photons that are produced have about the same energy (the 
same frequency and wavelength), and they are emitted in opposite 
directions, in accordance with the principle of conservation of mo¬ 
mentum. The reaction of destruction of a positron and an electron 
(destruction of a positron-electron pair) can be written in the following way: 


e + + e 


hv -f hv 


(33-1) 


Here the symbol hv is used to represent a photon. By use of the Einstein 
equation for the relation between mass and energy and the Planck- 
Einstein equation for the relation between energy of a light quantum 
and its frequency or wavelength, it can be calculated that each of the 
photons has the wavelength 0.0242 A. Under some circumstances all or 
nearly all of the mass of the positron-electron pair might be converted 
into the energy of a single light quantum, which would have wave¬ 
length* about 0.0121 A. It has been found by experiment that when 
positrons disappear photons with wavelengths about 0.024 A and 
0.012 A are produced. This provides striking direct evidence for the 
concept of the equivalence of mass and energy, as given by the Einstein 
mass-energy equation. It has also been observed that y rays with energy 
greater than 1.02 Mcv (1.02 Mcv is 1.02 million electron volts, the 
amount of energy equivalent to the mass of a positron-electron pair) 
can produce positron-electron pairs. In the production of pairs in this 
way the extra energy of the photon, above the amount required to pro¬ 
duce the rest mass of the positron and the electron, is converted into 
kinetic energy. Measurements of the kinetic energy of the positron and 
the electron have shown that there is conservation of mass-energy, with 
the relation between mass and energy as given by the Einstein equation. 

I he neutron was discovered by the English physicist James Chad¬ 
wick, also in the year 1932. Neutrons arc particles with mass only 
slightly larger than that of the proton, and with zero electric charge. 
Because they have no electric charge, neutrons interact with other forms 
ot matter only very weakly, and it is accordingly hard to prove their 
existence by direct methods. On passage through solid substances they 

* When a single photon is produced, it is probable that the destruction of the positron- 
electron pa.r has taken place in the neighborhood of some other particle, such as the nucleus 
«f an atom, winch has received some energy and momentum from the reaction. 
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nuclei as discussed in the following section (Sec. 33-4). 
The neutron also undergoes spontaneous destruction, with the formation 
of a proton and an electron, according to the reaction 

+ _ (33-2) 

~°'i P.7^ between .be e,ee„n 

3 —7n b““~:r,,eb 

H===S=S5fS| 

(«he neutrino is discussed in a later paragraph >n thts seetton). The 
reaction for spontaneous destruction of a M meson ts 

M + —►- e+ + v + (33-3) 

The symbol , is used for the neutrino; care should be taken not to confuse 

“ iS iXH atd The negative a tneton (also eaiied the 

»» -e eeget-P.-), ^ STiESh 

St“n TO 3 ) »d 7 coiTtbotatort The, have 

physicist C. F positron and electron, respectively, 

SS^r Sr'C^eego spontaneous ——. — ** 
life of 1 X 10-" see, according to the reactions 

(33-4) 


TC~ 

7T" 


M 

M' 


+ * 
+ * 


} 


_ of esoccial interest because of the belief generally held by theoret- 

— -r - —— ™ 
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and neutrons) together in atomic nuclei. In 1935 the Japanese theoretical physicist 
Hideki Yukawa (bom 1907) published a theory of nuclear structure based upon the 
idea that the forces operating between nucleons are associated with the continued forma¬ 
tion and destruction of particles. On the basis of the theory he concluded that the parti¬ 
cles would have to have mass about 200 times the mass of the electron. When Yukawa 
propounded his theory no such particles were known. After /x mesons had been discov¬ 
ered, experiments were made to determine the strength of their interactions with protons 
and neutrons, and also with compound nuclei, and it was found that the interactions 
arc too weak for the n mesons to serve as the source of the forces holding nuclei together. 
However, when k mesons were discovered, twelve years after the formulation of 
Yukawa’s theory, it was found that they interact with nucleons and nuclei in the way 
postulated by Yukawa in the development of his theory. It is accordingly probable that 
it mesons arc involved in holding nucleons together in the heavier nuclei. It is interesting 
that the investigations made by Powell and his collaborators have shown that cosmic 
rays interact with nuclei to produce t mesons directly, and that the n mesons, observed 
earlier by Anderson and Neddcrmeyer, are then formed, by the spontaneous decomposi¬ 
tion of 7r mesons into n mesons and photons. The symbol r was chosen for these particles 
by Powell and his collaborators to represent the word primary—the w mesons are 
primary products of interaction of cosmic rays and nuclei. 

The neutral 7r meson (neutral pion) was discovered in 1950. Its mass, 
263, is somewhat less than that of the positive and negative n mesons. 
Its half-life, about 1 X 10“ w sec, is very short; it is destroyed by spon¬ 
taneous decomposition into two photons: 

7T° —>- hv + hv (33-5) 

The V particles, discovered in 1947 through cosmic-ray investiga¬ 
tions, have masses greater than the mass of the proton. A positive V 
particle, a negative V particle, and a neutral V particle have been ob¬ 
served. F.ach of them has mass approximately 2,200. It is probable that 
each of them decomposes into a proton (or possibly a negative proton) 
and a tt meson. There may also exist some heavier V particles. 

The photon or light quantum has been discussed in Chapter 8. It 
may be mentioned here, in review, that photons travel always with the 
speed of light, that they have no rest mass, and that the energy of a 
photon is proportional to its frequency, being equal to the product hv 
of Planck's constant h and the frequency v. 

The neutrino is a particle with zero rest mass (or possibly a finite 
rest mass very small in comparison with that of the electron), and with 
no electric charge. Its existence was first suggested, by Wolfgang Pauli, 
in 1931. It had been observed that some radioactive nuclides that un¬ 
dergo decomposition produce 0 particles with a range of values of 
kinetic energy; inasmuch as the energy of the decomposing nuclide 
should be equal to the energy of the products, there seemed to be a 
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contradiction with the law of conservation of 

that the decomposition involves the production of two P"‘"***JJ* 
floarticle and another particle, the neutrino, which is produced with 

" Thence of «v„a. P»«clc i» 

SSSfrSSSSMssfc 

tszs su,: lh .n - 

=•*- - ** -— 

vation for a long time. 

Cosmic Raya. Cosmic rays 

from interstellar space or o P The discovery that ionizing radiation on the 

atmosphere by the rays rom waJ madc by lhc Austrian physicist Victor Hess 

earth’s surface comes from ou I ioni7alio n during balloon ascents to a height 

(born 1883), who made measure <1Kovclics in particular the discovery of most 

°J 2fS53-"Si - — in <hc ~ ,,f 5,,,di " of 

part of the earth s atmosphere consis o p car ,h’s surface consist in large 

with very grea, speed,. The cosrmc n*. U« rear* *eca^ ^ „ f |he fasl 

—»- - 

“SS35» -f- * rrxr.r stitti ““t 

that particles arc present wit . cnrr ^ wh £h have been, or arc being, built (sec 

cclcrators (cyclotron synchrotron^* ^ ^ wUh cnergicg in the range from 

==—*-—^ — in 

any other way. 
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33 — 4 . Artificial Radioactivity 

Stable atoms can be converted into radioactive atoms by the collision 
of particles traveling at high speeds. In the early work the high-speed 
particles used were a particles from Bi 83 (called radium C). The first 
nuclear reaction produced in the laboratory was that between a particles 
and nitrogen, carried out by Lord Rutherford and his collaborators in 
1919. The nuclear reaction which occurs when nitrogen is bombarded 
with a; particles is the following: 

N 14 + He 4 —>- O 17 -f H 1 (33-6) 

In this reaction a nitrogen nucleus reacts with a helium nucleus which 
strikes it with considerable energy, to form two new nuclei, an O 17 
nucleus and a proton. 

The O 17 nucleus is stable, so that this nuclear reaction docs not lead 
to the production of artificial radioactivity. Many other elements, how¬ 
ever, undergo similar reactions with the production of unstable nuclei, 
which then undergo radioactive decomposition. 

Sources of High-Speed Particles. In recent years great progress has 
been made in the laboratory production of high-speed particles. The 
first efforts to accomplish this involved the use of transformers. Different 
investigators built transformers which produced voltages as high as 
3 million volts, to operate vacuum tubes in which protons, deuterons, 
and helium nuclei could be accelerated. In 1931 an electrostatic gen¬ 
erator was developed by R. J. Van de Graaff, an American physicist, 
in which an electric charge was carried to the high-potential electrode 
on a moving insulated belt. Several Van de Graaff generators have 
been built and operated to produce potential differences of from 
2 million to over 5 million volts. 

The cyclotron was invented by an American physicist, E. O. Lawrence, 
in 1929. In the cyclotron positive ions (usually protons or deuterons) 
arc given successive accelerations by falling through a potential differ¬ 
ence of a few thousand volts. The charged particles are caused to move 
in circular paths by a magnetic field, produced by a large magnet be¬ 
tween whose pole pieces the apparatus is placed (Fig. 33-5). The 37-inch 
cyclotron at Berkeley, California, produces deuterons with as much 
energy as they would gain by falling through a single potential drop of 
7 million volts, and the 60-inch cyclotron produces 20-million-volt 
deuterons. The 184-inch cyclotron at Berkeley yields 200-million-volt 
deuterons. 
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A new accelerator, the synchro,,, was proposer1 by V- Vc k s,er ,n 
Russia in 1945, and indepcndcnt y a arc now 

~ C d , G p-*. ** ~ 


•/South magnetic pole removed 
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a negative one. 
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ion beam 
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field. 
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curves the ion beam, the rad.us 

increasing with the the veloc.ty of the .ons. 

FIG. 33-5 Diagram showing how ll“ cyclotron works- 
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reactions involve a proton, a deuteron, an a particle, a neutron, or a 
photon (usually a y ray) interacting with the nucleus of an atom. The 
products of a nuclear reaction may be a heavy nucleus and a proton, an 
electron, a deuteron, an a particle, a neutron, two or more neutrons, 
or a photon. In addition, there occurs the very important type of nuclear 
reaction in which a very heavy nucleus, made unstable by the addition 
of a neutron, breaks up into two parts of comparable size, plus several 
neutrons. This process of fission has been mentioned in earlier chapters 
and is described in a later section of the present chapter. 

Many nuclear reactions result from the interaction of nuclei and 
neutrons. The early experiments with neutrons were carried out by use 
of a mixture of radon, Rn IJ2 , and beryllium metal. The a particles from 
radon react with the beryllium isotope Be 9 to produce neutrons in the 
following ways: 

Be 9 + He 4 —>- C 12 + n 1 

Be 9 + He 4 —>- 3He 4 + n 1 

Neutrons arc also made by reactions in the cyclotron and in uranium 
piles. 

Hundreds of radioactive nuclides have been made, by use of differ¬ 
ent nuclear reactions. The radioactive isotope Co 60 of cobalt, which 
has half-life 5.3 years, is important as a substitute for radium in the 
treatment of cancer. It can be made from ordinary cobalt, which con¬ 
sists of a single stable nuclide, Co 59 , by reaction with slow neutrons. 
Needles consisting of pure cobalt or of an alloy of nickel and cobalt 
are irradiated with neutrons which have been produced in a uranium 
pile. The reaction involved is the following: 

Co 19 + w* —*- Co* 0 

Radioactive phosphorus, P 2 , is valuable as a tracer in biological in¬ 
vestigations, such as studies of the fate of phosphate fertilizers in affect- 
ing the growth o( plants. This nuclide is made by bombardment of ordi¬ 
nary phosphorus, P 31 , with 10-million-volt deuterons from a cyclotron. 
The reaction is 

P 1 + P- + H 1 

1 he P 32 isotope decomposes with emission of electrons, its half-life being 
14.3 days. 

Manufacture of the Trans-uranium Elements. The first trans-ura- 
nium element to be made was a neptunium isotope, Np 239 . This nuclide 



677 

[& 33-4) Artificial Radioactivity 

was made by E. M. McMillan and P. H. Abelson in 1940, by bombard¬ 
ing uranium with high-speed deuterons: 

U»« + H 5 —*- U— + H 1 
U 239 ->- Np 239 4“ 

The first isotope of plutonium to be made was Pu-. by the reactions 

JJ23S + H 2 —*- Np 238 + 2 n l 
Np 236 —Pu 238 4- 

The Np- decomposes spontaneously, emitting electrons. Its half-hfe » 

“X -■rr.s 

has been manufactured. HrromDOses with the emission of 

life of S rc 0 a W ction 0 f the principal isotope of ura- 

arS. w-T neutron, -* SST-C 

- electron spontaneously to form Pu- 

(sec Fig. 33-1): 

U 238 + „» U 239 

U 239 —>- Np 239 + e~ 

Np 239 —*- Pu 239 + r 

Nn.oniun, and «* “cavicr ^Saturn, 

X- - been n,,„c a, „,e 
isotope Am" 1 by the following reactions. 

U» + He* —*- Pu M1 + ” l 
Pu 24i —Am 241 + e~ 

This nuclide ^ plu.oniuin 

239 by Bombardment' with he.Jm ions acce.erated in the 

Pu— + He 4 —Cm" 1 + 

The isotope Cm-is an a-paj^c^U^ with ha.f-.ifc 

^-speed hdium ions: 

—Cm 240 + 3w 1 


Pu 239 4- He 4 
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Berkelium and californium were made by the following reactions: 

Am 241 + He 4 —Bk 243 + 2n l 
Cm 242 + He 4 —Cf 244 + 2n l 

Using only very small quantities of the substances, Seaborg and his 
collaborators succeeded in obtaining a considerable amount of informa¬ 
tion about the chemical properties of the trans-uranium elements. They 
have found that, whereas uranium is similar to tungsten in its properties, 
in that it has a pronounced tendency to assume oxidation state +6, the 
succeeding elements are not similar to rhenium, osmium, iridium, and 
platinum, but show an increasing tendency to form ionic compounds in 
which their oxidation number is + 3. This behavior is similar to that 
of the rare-earth metals. In the periodic table given in Chapter 5 these 
facts were taken into consideration and the trans-uranium metals were 
shown in two places, one directly to the right of uranium, and the other 
below the corresponding rare-earth metals. It seems probable that the 
elements with atomic numbers greater than 98 will be closely similar 
to the rare-earth metals until the 5/ shell of electrons has been com¬ 
pletely filled. 

33 - 5 . The Use of Radioactive Elements as Tracers 

A valuable technique for research that has been developed in recent 
years is the use of both radioactive and non-radioactivc nuclides as 
tracers. By the use of these nuclides an element can be observed in the 
presence of large quantities of the same element. For example, one of 
the earliest uses of tracers was the experimental determination of the 
rate at which lead atoms move through a crystalline sample of the 
metal lead. This phenomenon is called self-dijjusion. If some radioactive 
lead is placed as a surface layer on a sheet of lead, and the sample is 
allowed to stand for a while, it can then be cut up into thin sections 
parallel to the original surface layer, and the radioactivity present in 
each section can be measured. The presence of radioactivity in layers 
other than the original surface layer shows that lead atoms from the 
surface layer have diffused through the metal. 

In the discussion of chemical equilibrium in Chapter 20 it was pointed 
out that a system in chemical equilibrium is not static, but that instead 
chemical reactions may be proceeding in the forward direction and the 
reverse direction at equal rates, so that the amounts of different sub¬ 
stances present remain constant. At first thought it would seem to be 
impossible to determine experimentally the rates at which different 
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The process can be carried out by running a solution of ammonium 
nitrate into the uranium pile, where it is exposed to neutrons. The 
carbon which is made in this way is in the form of the hydrogen car¬ 
bonate ion, HC0 3 “, and it can be precipitated as barium carbonate by 
adding barium hydroxide solution. The samples of radioactive carbon 
are very strongly radioactive, containing as much as 5% radioactive 
isotope. 

The Unit of Radioactivity, the Curie. It has been found convenient to introduce a 
special unit in which to measure amounts of radioactive material. The unit of radioactiv¬ 
ity is called the curie. One curie of any radioactive substance is an amount of the sub¬ 
stance such that 3.70 X 10'° atoms of the substance undergo radioactive disintegration 
per second. 

The curie is a rather large unit. One curie of radium is approximately one gram of 
the element (the curie was originally defined in such a way as to make a curie of radium 
equal to exactly one gram, but because of improvement in technique it has been found 
convenient to define it instead in the way given above). 

It is interesting to point out that in a disintegration chain of radioactive elements in a 
steady state all of the radioactive elements arc present in the same radioactive amounts. 
For example, let us consider one gram of the clement radium, in a steady state with the 
first product of its decomposition, radon (Rn 222 ), and the successive products of disin¬ 
tegration (see Fig. 33-1). The rate at which radon is being produced is proportional to 
the amount of radium present, one atom of radon being produced for each atom of 
radium which undergoes decomposition. The number of atoms of radium which undergo 
decomposition in unit time is proportional to the number of atoms of radium present; 
the decomposition of radium is a unimolecular reaction. When the system has reached 
a steady state the number of atoms of radon present remains unchanged, so that the 
rate at which radon is itM*lf undergoing radioactive decomposition must be equal to the 
rate at which it is being formed from radium. Hence the radon present in a steady state 
with one curie of radium itself amounts to one curie. 

The amount of radon present in a steady state with one gram of radium (one curie 
of radium) can be calculated by consideration of the first-order reaction-rate equations 
given in Chapter 19. The reaction-rate constant for the decomposition of radium is 
inversely proportional to its half-life. Hence, when a steady state exists, and the number 
of radium atoms undergoing decomposition is equal to the number of radon atoms 
undergoing decomposition, the ratio of the numbers of radon atoms and radium atoms 
present must be equal to the ratio of their half-lives. 


33 - 6 . Dating Objects by Use of Carbon 14 

One of the most interesting recent applications of radioactivity is the 
determination of the age of carbonaceous materials (materials containing 
carbon) by measurement of their radioactivity due to carbon 14. This 
technique of radiocarbon dating, which was developed by an American 
physical chemist, Willard F. Libby, of the Institute for Nuclear Studies 
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11.400 ± 700 years' The age of specimens of organic materials laid 
down during the last period of glaciation in Europe was found to be 
10,800 ± 1,200 years. Many samples of organic matter, charcoal, and 
other carbonaceous material from human camp sites in the western 
hemisphere have been dated as extending to, but not beyond, 10,000 
years ago. The eruption of Mt. Mazama in southern Oregon, which 
formed the crater now called Crater Lake, was determined to have 
occurred 6.453 ± 250 years ago, by the dating of charcoal from a tree 
killed by the eruption. Several pairs of woven rope sandals found in 
Fort Rock Cave, which had been covered by an earlier eruption, were 
found to be 9.033 ± 350 years old; these arc the oldest human arti¬ 
facts measured on the American continents. The Lascaux Cave near 
Montignac; France, contains some remarkable paintings made by pre¬ 
historic man; charcoal from campfires in this cave was found to have 
the age 15.516 =fc 900 years. Linen wrappings from the Dead Sea scrolls 
of the Book of Isaiah, recently found in a cave in Palestine and thought 
to be from about the first or second century b.c., were dated 1,917 -f- 200 
years old. 

33 - 7 . The Properties of Nuclides 

Most of the known isotopes of the first twenty-five elements are listed 
in Table 33-2, together with some of their properties (p. 691). The masses 
given in column 3 of this table refer to the physicists’ atomic-weight scale, 
in which C) ,c = 16.00000. 

Except for the elements which form part of the natural radioactive 
series, the distribution of isotopes for an element has been found to be 
nearly the same for all natural occurrences. This distribution is given 
in the fourth colummof the table. 

Some striking regularities in the properties of nuclides arc evident, 
especially for the heavier elements. The elements of odd atomic number 
have only one or two natural (that is, stable) nuclides, whereas those of 
even atomic number arc much richer in isotopes, many having eight 
or more. It is also found that the odd elements arc much rarer in nature 
than tin* even elements. The elements with no stable isotopes (tech¬ 
netium. astatine) have odd a(oi%ic numbers. 

The Packing Fraction. Consideration of the masses of the nuclides 
shows that they are not directly proportional to the mass number 
(the sum of the number of protons and the number of neutrons in the 
nucleus). Thus the mass of the ordinary hydrogen atom is 1.00813, and 



OBJ 

| s jj_7] The Properties of Nuclides 

. , trnn , 00897- if the helium atom were made from two 
that of the neutron is l-DUB;/. h nBC in mass, its mass 

hydrogen atoms and two neutrons w 4.00386. The masses of 

would be 4.03420, “ “ ^ 0 “? be it ,hey >.ere compo^d 

the heavier atoms are also less than they ^ mass 

of hydrogen atoms and neutrons wi of a heavicr atom from 

The loss in mass accompanying ^ fact that these reactions 

hydrogen atoms ^^TverT'large amount of energy is evolved in 
E a,o V ms ffom hydrogen atoms and neutrons. 



F1G . 33.6 The mass pa.k.ng f-ae'ion, >/Uu elesnen,,. 

so large an amount that the: massheavy nucleus the 
equation E = me*, ts of lhc neutrons and protons from 

*»V -ns of a e.uan 

the mass per nucleon (prou.n or ^ mass on ,hc O'* scale cc|ual 
as standard. An isotope wine ■ _ , /cro packing fraction, 

exactly to its mass number i. • ^ cmcn|s arc shown in Figure 33-6 U 

The packing fractions for ^ group of the periodic table, 

is seen that the dementii of ' minimum of the curve, and can 

between chromium and /me, he 




684 


Nuclear Chemistry [Chap. 33] 

accordingly be considered to be the most stable of all the elements. If 
one of these elements were to be converted into other elements, the 
total mass of the other elements would be somewhat greater than that 
of the reactants, and accordingly energy would have to be added in 
order to cause the reaction to occur. On the other hand, either the 
heavier or the lighter elements could undergo nuclear reactions to form 
the elements with mass numbers in the neighborhood of 60, and these 
nuclear reactions would be accompanied by the evolution of a large 
amount of energy. 

The Structure of Atomic Nuclei. At the present time physicists are 
gathering together a great body of information about the properties of 



O 

FIG. 3 3-7 The process oj nuclear fission (l linear magnification about 10 ,2 ). 

nuclei, some of which is given in Table 33-2, and are attempting to 
interpret this information by a theory of the structure of the nucleus. 
However, they have not as yet succeeded—no one knows just what the 
structure of any nucleus is, in terms of simpler particles. Pictures of 
nuclei, such as Figure 33-7, are imaginative. It seems likely that the 
heavier nuclei are built of protons and neutrons, with 7 r mesons forming 
bonds between them, and also there is some evidence that the protons 
and neutrons are arranged in concentric shells, somewhat similar to the 
electron shells in atoms, but a thorough understanding of the structure 
of nuclei has not as yet been obtained. 

1 he lack of knowledge of the structure of nuclei makes nuclear science 
a very interesting field at the present time. Every year new facts are 
discovered, and we may expect that before another decade has gone by 



l§ 33-8] Nuclear Fission and Nuclear Fusion 


685 

IR 33~~8\ Nuclear tission ana >»«<««*«*.— 

_ or *. oodous 
ture of atoms. 

33 - 8 . Nuclear Fission and Nuclear Fusion 

The — or ^ heavy 

of approximately half size (. i isb ed A br ief statement has been 

30 to 65). This fission,has been a uranium , and also 

made about it in Chapter 11, m the 

in Chapter 1. . (hc German physicists Otto 

It was reported on 6 J a ™ ar J la „ than um, cerium, and krypton 
Hahn and F. S.rassmann that ura ni U m which had been 

seemed to be present subs,J " |hs m0 rc than forty papers were 

exposed to neutrons. Withi ranium . It was verified by direct 

then published on the ^s.on o amount of cncr gy is Lb- 

calorimetric measurement that ^ry^ mo | e . Since a pound of 

crated by fission, over S X atoms the complete fission of one 

uranium contains about 8 h c | cmcnt) produces about 

is be “ 2srs 

■ 3 - -—• 

than coal. ?v) wh j c h C an be made from uranium 

Uranium 235 and plutonium cxpoS ed to slow neutrons. 

238, arc capable of .“"Japanese physicist Nishina in 1939 that the 
It was also shown by the J p . dcr the influence of fast 

thorium isotope Th»» T^f f hc c lements with atomic number 90 

neutrons. It seems ‘■“f'^'^ this reaction. Uranium and thorium 
or greater can be made to und 6 ^ ^ ^ cn( . rgy in ,hc world of 

may well become importan f , h( . sc dements available—the 

the future. There are has bcen estimated as our parts 

r:r;: par,s pcr m 

deposits are distributed all ov, r t rcaclions . These reactions are 

The fission reactions can ^ example, may combine with 

initiated by neutrons.J3 nucl unstab , c> and und ergoes spon- 

a neutron to lorm u • 



686 • 


Nuclear Chemistry [Chap. 33\ 

taneous fission into two particles of roughly equal atomic number; 
that is, the protons in the U 236 nucleus are divided between the two 
daughter nuclei (Fig. 33-7). These daughter nuclei also contain some 
of the neutrons originally present in the U 236 nucleus. Since, however, 
the ratio of neutrons to protons is greater in the heavier nuclei than in 
those of intermediate mass, the fission is also accompanied by the lib¬ 
eration of several free neutrons (and also of positrons). The neutrons 
which arc thus liberated may then combine with other U 233 nuclei, 
forming additional U 236 nuclei which themselves undergo fission. A reac¬ 
tion of this sort, the products of which cause the reaction jo continue, 
is called a $hain reaction , or an autocatalytic reaction. 

If a sample of U 233 or Pu 239 weighing a few pounds is suddenly com¬ 
pressed (within about one-millionth of a second) into a smaller volume, 
the autocatalytic fission of the nuclei occurs nearly completely, and an 
amount of energy is released equal to that accompanying the detonation 
of about twenty thousand tons of a high explosive such as TNT (tri¬ 
nitrotoluene). An ordinary atomic bomb consists of a few pounds of U 235 
or Pu 239 and a mechanism for compressing it suddenly into a small 
volume; this mechanism consists of molded pieces of a high explosive, 
arranged about the sample of fissionable material in such a way that 
the force of detonation of the high explosive compresses the material. 
Improved atomic bombs detonate with release of energy equal to that 
accompanying the detonation of about 100,000 tons of TNT. 

1 he process of nuclear fusion also may liberate energy. We see from 
the packing-fraction diagram (Fig. 33-6) that the fission of a very 
heavy nucleus converts about 0.1% of its mass into energy. Still larger 
fractions of the mass of very light nuclei arc converted into energy by 
their fusion into heavier nuclei. The process 4H —>- He, which is the 
principal source of the energy of the sun, involves a change in .mass 
from 4 X 1.00813 to 4.00386, and hence a conversion of 0.7% of the 
mass into energy. The similar reaction of a deuteron and a triton to 
lorm a helium nucleus and a neutron is accompanied by the conversion 
of 0.4% of the mass into energy: 

H* + IP —* He* + /i 1 

It has been found by experiment that a mixture of these materials 
(say 200 pounds ol deuterium and 300 pounds of tritium) surrounding 
an ordinary atomic bomb will undergo reaction at the temperature of 
many millions of degrees produced by the detonation of the bomb. 
In this way hydrogen bombs can be made, which may be one thousand 
times as powerful as an ordinary atomic bomb—that is, may release 
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up in the plutonium will have been lost. Tritium, however, has a short 
half-life, about twelve years. Accordingly, a supply of tritium that has 
been made at great expense, and through the using up of a portion of 
the world’s supply of fissionable material, is reduced to half of its value 
if it is stored for twelve years. 

The significance of the uranium reactor as a source of radioactive ma¬ 
terial can be made clear by a comparison with the supply of radium now 
in use. Since the discovery of radium about 1,000 curies (1,000 grams) 
of radium has been separated from its ores and put into use, mainly for 
medical treatment. The rate of operation mentioned above for the 
reactors at Hanford represents the fission of about 5 X 10 20 nuclei per 
second, forming about 10 X 10 20 radioactive atoms. The concentration 
of these radioactive atoms will build up until they are undergoing de¬ 
composition at the rate at which they arc being formed. Since 1 curie 
corresponds to 3.70 X 10 10 disintegrating atoms per second, these re¬ 
actors develop a radioactivity of approximately 3 X 10 10 curies—that 
is, about thirty million times the radioactivity of all the radium which 
has been so far isolated from its ores. 

The foregoing calculation illustrates the great significance of the 
fissionable elements as a source of radioactive material. Their signifi¬ 
cance as a source of energy has also been pointed out, by the statement 
that 1 pound of uranium or thorium is equivalent to 2.5 million pounds 
of coal. When we remember that uranium and thorium arc not rare 
elements, but arc among the more common elements—the amount of 
uranium and thorium in the earth’s crust being about the same as that 
of the common element lead *—we begin to understand the promise of 
nuclear energy for the world of the future, and the possibilities of its 
contribution to human welfare. The discovery of the controlled fission 
of atomic nuclei and controlled release of atomic energy is the great-, 
cst discovery that has been made since the controlled use of fire was 
discovered by primitive man. 


Exercises 

33-1. Describe the difference in behavior of a rays, 0 rays, and y rays in a magnetic 
field. How would rays of positrons behave? of neutrons? 

33-2. What is the position in the periodic table, relative to the position of the original 
atom, of the product of a radioactive decomposition involving the emission of 
an a particle? of a 0 particle? of a y ray? What change in atomic weight occurs 
during a radioactive decomposition involving each of these rays? 

* Although uranium and thorium arc not rare elements, they tend to be widely distributed 
in very small concentrations, and not many rich deposits have been discovered. 
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33-16. Assuming lhat all of the energy of the reaction of 0-ray emission of a carbon 
14 nucleus is converted into kinetic energy of the 0 ray, calculate its velocity. 
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ELEMENT 

NAME 


0 Electron . . . 
0 Neutron. . 

1 Proton. . . 

1 Hydrogen. 


2 Alpho. 
2 Helium 


3 lithium 


4 Beryllium 


5 Boron. 


6 Corbon. 


7 Nitrogen. 


8 Ouygen. 


9 Fluorine. 


10 Neon. 


0 
1 
1 
1 
2 

3 

4 

3 

4 
6 
6 

7 

8 

7 

9 
10 
10 
11 
12 

10 

11 

12 

13 

14 

13 

14 

15 

16 

15 

16 

17 

18 
19 

17 

18 

19 

20 

19 

20 
21 
22 
23 


MASS 


PERCENT | HALF . UFE 
ABUNDANCE 


0.000548 
1.00897 
1.007582 

I. 008130 
2.014722 
3.01705 
4.002764 
3.01699 
4.00386 

6.01684 
7.01818 
8.0251 
7.01908 
9.01494 
10.01671 
10.01633 

II. 01295 
12.019 
10.01833 
11.01499 
12.00386 
13.00766 
14.00780 
13.01005 
14.00756 
1 5.00495 
16.011 
15.0078 
16.000 
17.00449 
18.00369 

17.0076 
18.0056 
19.00452 
20.0063 


19.99896 

20.99968 

21.99864 

23.0005 


99.984 

0.016 


io-* 

100 

7.3 

92.7 


100 


18.83 

81.17- 


98.89 

1.1 1 


99.64 

0.36 


99.76 

0.04 

0.20 


100 


90.0 

0.30 

9.73 


RADIA¬ 

TION 


12.4 Y 


0.8 S 


0.88 S 
54 D 

2.7 X 10* Y 


0.024 S 
19.1 S 
20.4 M 


5.568 Y 
10.1 M 


7.4 S 
1.97 M 


29.4 S 
72 S 
1.87 H 

12 S 
18.2 S 


40 S 


e 

7 

•”« y 
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table 33-2 {continued) 


Nuclear Chemistry [Chap. 33] 


ELEMENT 

NAME 


1 1 Sodium.. . . 


1 2 Magne»lum 


1 3 Aluminum. . 


14 Silicon.... 


1 5 Phoiphoru* 


1 6 Sulfur.... 


17 Chlorine. . 


18 Argon. 



PERCENT 

ABUNDANCE 


HALF-UFE 


RADIA¬ 

TION 










Principal Isotopes of the Lighter Elements 
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Nuclear Chemistry [Chap. 33] 


TABLE 33-2 (| continued) 


ELEMENT 

NAME 

Z 

MASS 

PERCENT 

ABUNDANCE 

HALF-UFE 

RADIA¬ 

TION 





41.9 M 

•*.7 




4.49 




51 



26.5 D 

•~,y 


52 

51.9582 





53 

52.9572 





54 

53.960 





55 



2 H 



51 



46 M 



52 



21 M 

•*.7 


52 



6.0 D 

e\7 


54 



310 D 

7 


55 

54.965 

100 

• 




56 



2.59 H 

•".7 










Appendix I 


Probable Values of Some Physical and 
Chemical Constants (Chemists’ Scale) 

The probable va.ues 

time to time, as new expenmc g DuMond and 

SHSfafS-HS 

given in some places in the text ma> 

1952 values. 

AV % d I^M”S * 0.000036, X ,06 

E1 "r:'”K * x ,o '" ™' om r, 

= (4^80288 ± 0.00021) X 10- s.a.coulomb 

Mass of electron 

m = (9.1085 =fc 0.0006) X 10 J, 

Liter , 

1 liter - 1,000.028 =fc 0.002 cm 

Ice point on absolute scale 

0° C = 273.16 =fc 0.01° K 

sa t^T- ro.o.06, « 

G “ 3J= S 'o.08205447 * 0.0000037 , -Hr' ■"*- 


™T38042 ± 0.00010, X 10- «. '** 


Boltzmann’s constant 

k 


Faraday , . ,, 

F = 96,494 =fc 3 coulombs/molc 
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Ratio of physical to chemical atomic weights 
r = 1.000272 (assumed) 

Velocity of light 

r = (2.997929 ± 0.000008) X 10>° cm/scc 
Planck's constant 

h = (6.6252 ± 0.0005) X 10' w erg see 

Energy in ergs of one electron volt 
(1.60207 =fc 0.00007) X 10' 12 erg 

Energy in calorics per mole for one electron volt per molecule 
23,052.85 ± 3.2 cal/mole 

Energy in cm' 1 (wave number of a photon) of one electron volt per 

molecule 

8,082.6 cm-' 

Wavelength of photon with energy one electron volt 

12,372.2 ± 0.04 A 


Appendix II 


The Vapor Pressure of Water 
at Different Temperatures 


TEMPERATURE 

(°C) 

VAPOR PRESSURE 

( MM of mercury) 

TEMPERATURE 

(° C) 

VAPOR PRESSURE 

(mm of mercury) 


1.0 

27 . 

26.7 

-10 (ice). 

9R . 

28.3 

— S 

.... 3.0 

29 . 

30 . 

35. 

<A 

30.0 

31.8 

J • 

0 

. .. . 4.6 

5. 

.... 6.5 

42.2 

10 .... 

9.2 

55.3 

, 5 . 12.8 

4U. 

71.9 

6 . 13-6 

45. 

50. 

92.5 

7 . 14-5 

149.4 

8 " . 15.5 

60. 

233.7 

9 . < 65 

70. 

AA 

355.1 

20 . > 7 - 5 

Ov • • • • 

AA 

525.8 


90. 

11 in 

760.0 

22 . 198 

1 .. 

■ t A 

1,074.6 

. 21.1 

110. 

1 cn 

. . 3,570.5 


22.4 

130. 

200...• 

1 1 iA 

. 11.659.2 

1 . 

. . 23.8 

64.432.8 
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Abelson, P. H., 525, 677 

Absolute temperature scale. 45, 297 

Absolute zero. 45 

Acetaldehyde. 582 

Acetic acid, 582 

Acetone, 582 

Acetylene, 575 

Acid, 116 

anhydride, 118 
constant, 440 
strength, 456 
Acidic oxide, 118 
Acids. 435 

general concepts of. 456 
oiganic, 582 
weak, 439 
ACTH, 612 

Activation energy. 408 
Activity coefficient, 348 
Activity of ions. 348 
Adsorption, 1 36 
Alanine, 595 
Aldehydes, 581 
Alkali. 116 
Alkaline earth, 117 
Alkaline-earth metals, 128 
Allotropy, 119 
Alloys, nature of, 504 
Alloy steel, 540 
Alntco, 543 
Alpha rays. 65 
Alum. 136 
Alumina, 135 

Aluminothermic process. 516 
Aluminum, 134 
alloys of, 1 35 
bronze. 550 
compounds of. 135 
electrolytic refining of, 282 
manufacture of. 279 
rectifier, 286 

Amalgamation process, 501 
Amblygonitc, 127 
Americium. 677 
Amides, 376 
Amines, 584 


Amino acids. 593 
essential. 594 
Ammonia, 139. 3 7 4 
complexes. 471 
Ammonium 
amalgam. 376 
molybdate. 520 
salts. 139. 376 

Amphoteric hydroxides. 480 
Amplitude. 68 
Amylase. 60S 
Anderson. Carl. 668. 671 
Anemia. 609 
Aniline. 584 
Anions, 156 
Anode. 156 
Anodic oxidation. 247 
Anthracene. 580 
Antimony. 391, 394 
Apatite, 384 
Aquamarine, 130 
Aragonite. 132 
Argentite. 501 
Arginine, 596 
Argon, 109 

Arrhenius. Svante. 200. 344, 408 
Arrncniu? equation, 408 
Arsenic, 391 
acid. 393 
pentoxide. 393 
trioxide, 393 
Arsenolite, 391 
Arsenopyritc. 392 
Arsine. 393 
Arsphenamine. 612 
Asbestos. 628 
Ascorbic acid. 609. 611 
Asparagine. 597 
Aspartic acid, 595 
Aston. F. W.. 159 
Atmosphere, composition of, 113 
Atomic bomb. 686 
Atomic nucleus. 67, 684 
Atomic number. 91 
Atomic radii, 217 

Atomic structure, quantum theory of. 173 
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Atomic theory, 19 

Atomic weight, gas-density method, 307 
Atomic weight scale, history of, 93 
physicists’, 159 
Atomic weights. 92 
determination of. 153. 300 
table of. 94 

Atoms, electronic structure of, 214 
kinds of. 78 
nature of. 20 
Aurcoinyein. 616 
Autocatalytic reaction, 686 
Auto-oxidation, 260 
Avogadro. Amedeo, 96, 298 
Avogadro’s law, 298 
Avogadro’s number. 96 
Azide ion. 382 
Azornctliane, 4U4 
Azurite, 500 

baking powder. 127 
baking soda. 127 
baInter series, 174 
barite. 133 
barium. 128 

compounds of. 133 
base. 116. 435 
general concepts of. 456 
weak. 439 

Basic oxide. 118. 119 

bauxite, 2?9 

beams, J. \V., 330 

becher. Johann Joachim, 120 

Bccqucrcl. Henri. 63 

Benzene. 578 

beri-beri, 608 

Bcrkcliuin. 6 7 8 

Bnthollet, Claude Louis. 150 

berthollides, 150 

Beryl. 130 

Beryllium. 129 

compounds of. 129 
Berzelius. J. J.. 93. 122. 197 
Bessemer process, 53‘ T 
beta rays. 65 
biochemistry. 589 
biotin, 610 . (>| 1 
biotitc. 558 
bismuth. 391. 394 
black. Joseph. 121 
blast furnace. 331 
blister copper. 501 
blueprint paper, 412 
Blue viti iol. 551 

Body-centered arrangement, 492 
Bohr. Niels. 89. 104, 175 
Bohr frequency rule, 175 
Bohr orbit. 186 

Bohr's theory of the hydrogen atom, 179 


Boiling points, effect of molecular dipoles on, 
324 

of solutions, 342 
of substances. 321 
Boltzmann. L., 46 
Boltzmann principle, 409 
Boltzmann's constant, 46 
Bond type and atomic arrangement, 324 
Borax. 1 34 

Bordeaux mixture, 551 
Boric acid, 134 
Boron. 133 
Boron carbide, 134 
Boyle. Robert, 113 
Boyle’s law, 290 
Bragg angle, 72 
Bragg equation. 71, 73 
Bragg. Sir Lawrence, 71 
Bragg. Sir William, 71 
Brass. 550 
Braunite, 522 
Broglie. Louis dc, 184 
Bromine. 266 
Bronze. 550 

Brownian movement. 350 
Buclmian. E. R., 608 
Buffered solutions, 449 
Bunsen. Robert Wilhelm. 165 
Busby stunt virus. 34 
Butane. 5?2 
Butyric acid. 583 

Cadmium. 559 
compounds of. 560 
metallurgy of. 503 
yellow. 561 
Cage molecule, 576 
Calamine. 502 
Calciferol. 610 
Calcile. 131 
Calcium. 128 

compounds of, 13(J 
Californium. 678 
Calomel. 563 
Calorimeter. 634 
Calx. 120 
Camphor, 576 
Cannizzaro. S.. 298 
Carbohydrates. 585 
Carbon. 136 
Carbonates. 138 
solubility of. 465 
Carbon black, 570 
Carbon dioxide, 137 
Carbon 14 for dating objects, 680 
Carbonic acid, 138 
Carbon monoxide, 137 
Carbon tetrachloride, 585 
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Carnotitc, 520. 527 
Carotene, 575 
Case-hardening, 540 
Casein, 507 
Cassiteritc. 503 
Cast iron, 531 

Castner-Kellner process, 283 
Catalysis, 409 
Catalyst, 115 

effect on equilibrium. 423 
Cathode, 156 
Cathode rays, 57 
Cathodic reduction, 246 
Cations. 156 

Caustic soda, 127 

Cavendish, Henry. 51, 109, 113, 121. 
315 

Cclestite, 133 
Cells, 591 

Celluloid, 576 
Cellulose. 586 
Celsius. 45 
Cement. 629 
Ceincntite, 533 
Centigrade scale. 45 
Crrargyi itc. 501 
Chadwick. James. 670 
Chain reaction. 686 
Chalcocite, 500 
Chancourtois, A. h. B. dc. 103 
Charles. J. A.. 294 
Chemical equilibrium. 415 
Chemical reaction*. I 3 
driving force of. 650 
Chemistry. I 
and matter. I 
Chemotherapy. 612 
Chile saltpeter. 140 
Chloramphenicol. 616 
Chloride complexes. 476 
Chlorine. .265 

manufacture of. 278 

oxygen acids and oxides of, 268 
Chloroform, 585 
Chloroprcnc. 578 
Chromates, 516 
Chrome alum, 519 
Chrome yellow, 519, 5o7 
Chromic complexes, 479 
Chromic compounds. 516 
Chromic oxide, 519 
Chromite. 516 
Chromium. 513 
Chromous compounds, 520 
Chrysotile, 628 

Cinnabar. 503. 562 
Citric acid, 583 
Cobalt, 543 

compounds of, 543 


Cobaltic complexes. 479 
Cohallite. 543 

Colcmanitc. 134 
Collagen. 592 
Colloid. 349 
Colloidal solutions. 349 
Color. 556 

and mixed oxidation states, 338 
Columbite. 527 
Common-ion effect. 462 
Complete perfect-gas equation. 30- 
Complex ions. 471 

structural chemistry of, 485 
Components, set of, 11 
Compounds. 77 

151, Compound substances, structure ol. 231 
Clonerete. 629 
Condensation. 457 
Condensed phase. 41 
Congener. 106 

Conjugated system. 574 

Constants, physical, values of, 6 >3 
Constituents. 11 

Contact pro< css. 364 

Continuity of the liquid and gaseous states. 

Coordination number. 27, 205 
Copper. 550 

compounds of. 551 
electrolytic refining of. 281 
metallurgy of. 500 
structure of. 22 
Corrosive sublimate, 561 
Combine. 612 
Corundum. 135 
Cosmic rays. 673 
Coster. IJ.. 105 
Coulomb, C. A. dc, 51 
Coulomb, definition of. 51 
Coulomb's law. 51 
Coupcr. Archibald S., 241 
CCovalence. 212 
Covalent bond. 212 

partial ionic character of. -33 
Cristobalitc, 621 
Critical constants, 311 
Critical potential. 181 
Critical temperature. 311 
Crocoite, 516 
Crookes dark space, 56 
Ciookcs tul»c. 57 
Cryolite. 140. 279 
Crystal. 23 
Crystal c lasses. 32 
Crystal form. 141 
Crystalloid. 349 
Crystal sti ucture. 25. 68 
Crystal symmetry. 29 
Crystal systems. 29 
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Cubic body-centcrcd arrangement, 28 
Cubic closest packing, 27 
Cupric ammonia complex, 472 
Cupric compounds, 551 
Cuprite, 500 

Cuprous compounds, 552 
Curie, 680 

Curie, Marie Sklodowska, 64 
Curie, Pierre. 64 
Curium, 677 
Cyanatc ion, 382 
Cyanide complexes, 475 
Cyanide process, 475, 501 
Cyanogen, 382 
Cyan uric triazide, 36 
Cyclohexane, 575 
Cyclotron, 674 
Cysteine, 595 
Cystine, 594,^96 
Cytoplasm, 591 

Dalton, definition of, 93 
Daltomdcs, 150 

Dalton, John, 93, 150, 294, 304 

Dalton’s law of partial pressures, 304 

Dating objects with carbon 14, 680 

Davisson, C. J., 186 

Davy, Sir Humphry, 87, 121, 197 

Dc Broglie wavelength of the electron, 184 

Debye, P. J. W., 349 

Dempster, A. J,. 159 

Dcnaturation, 601 

Deuterium, 91 

Dcuteron, 91 

Dextrose. 585 « 

Dialysis, 349 
Diamagnetism, 61 
Diamond. 136 
structure of, 226 
Diboranc, 134 
Diehromates. 516 
Dielectric constant. 203 
Diethylene glycol. 581 
Diethyl ether. 581 
Diffraction of X-rays, 71 
Diffusion. 308 
Dipolar liquid. 206 
Dipole moment. 202. 324 
Dirac, P. A. M., 187 
Discharge of electricity in a gas, 56 
Dislocation, 498 
Dissociation constant, 421 
Disulfuric acid, 361 
Dobereiner, J. W., 103 
Domagk, Gerhard, 613 
Dry Ice. 138 
Duralumin. 135 
Duriron, 020 


Earth, age of, 667 

Earth’s crust, composition of, 114 

Edestin, 593 

Edison storage cell, 544 

Effusion, 308 

Ehrlich, Paul, 612 

Einstein, Albert, 4, 95, 169, 683 

Einstein equation, 4, 95, 683 

Einstein photoelectric equation, 169 

Eka-silicon, 104 

Electric cell, 256 

Electric dipole moment, 203 

Electric field, 52 

Electricity and magnetism, explanation of, 
54 

Electricity, flow of, 62 
nature of, 49 

Electrochemical processes, 275 
Electrode reaction, 198 
Electrolysis, 192 
laws of, 275 

of aqueous salt solution, 206 
Electrolyte, strong, 200 
weak. 200 

Electrolytic decomposition of molten salts, 
197 

Electrolytic dissociation, 200 
evidence for, 344 
Electrolytic rectifiers, 286 
Electrolytic refining of metals, 281 
Electromagnetic pump, 54 
Electromagnetic waves, 165 
Electromotive-force scries, 254 
Electron, 20, 49 
charge of, 59 
discovery of, 55 
nature of. 189 
spin of, 61, 183 
wavelength of, 186 
Electron affinity, 216 
Electron-diffraction method, 187 
Electronegativity, 234, 640 
Electronegativity scale, 235 
Electroncutrality principle, 236 
Electronic structure, 212 
Electronic theory of valence, development 
of, 240 

Electron microscope, 37 
Electron pair. 217 
Electron shells, 214 
Electroplating. 476 
Electroscope, 64 
Elementary substances, 77 
Element, older definition of, 86 
Elements, 77 
Emerald, 130 
Emery, 135 

Emission spectrum. 165 
Enamels. 629 
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— Energy-level diagram. 219 
Enthalpy, 636 
Entropy. 650 
Enzymes. 604, 605 
Epinephrine. 611 
Equation, how to balance. 85 
Equilibrium. 39 
Equilibrium constant. 416 

for oxidation-reduction couples, 655 
Equilibrium criterion, 424 
Ergostcrol. 610 
Esters, 582 
Ethane, 572 
Ethanol. 580 
Ethers, 581 
Ethyl acetate, 584 
Ethyl alcohol, 580 
Ethylene, 573 
Eutectic, 507 
Excitation energy, 180 
Excited state, 175 
Exclusion principle, 183 
Explanation and reality. 152 


Face-centered cubic arrangement, 27 
Fahrenheit scale. 45 
Faraday, definition of. 276 
Faraday, Michael. 52. 197. 275. 578 
Faraday s laws of electrolysis, 27* 

Fats, 584 
Feldspar. 623 
Ferric compounds, 542 
Ferrite. 534 
Ferromagnetism, 61 
Ferromanganese, 522 
Ferrosilicon, 620 
Ferrous compounds, 541 
Fibers, 586 
Fibrous minerals, 628 
Fischer, E., 599 
Fission, nuclear, 685 
Fleming. Alexander, 614 
Florey, Howard, 615 
Flotation, 500 
Fluorapatite, 140 
Fluorides, 141 
Fluorine, 140 
Fluorite, 140 

Fluorodinitroben/.ene, 599 
Foods, heal values of. 642 
Force, 51 

Formaldehyde, 581 

Formic acid, 582 

Formulas of compounds. 82 

Formulas, quantitative meaning. 14!> 
Framework minerals, 623 
Francium, 125 
Franck, James. 180 
Frankland, Edward, 241 


Franklin. Benjamin, 49 
Franklin, E. C., 247 
Franklinitc, 502 
Frasch process, 357 
Free energy. 650 
Freezing point, 41 
of solutions. 342 
Fructose. 586 
Fulminate ion, 382 
Funk, C-, 608 

Gadolinium, 526 
Galena. 503 
Gallium. 564 
Gamma rays. 65 
Gas. 38 

Gas constant. 303 

Gases, deviations from ideal behavior, 30? 

properties of, 289 
Gas laws. 289 
Gasoline. 572 

Gas volume, dependence on pressure, 290 
dependence on temperature, 294 
Gay-Eussac. J. L., 294 
Gelatin, 597 
Germanium. 104, 564 
Ciauque. VV. F„ 14. 298 
Gibbs. J. Willard. 430. 504 
Gilbert. William, 49 
Glass. 312. 628 
Glaze*. 629 
Glide plane. 498 
Glucose. 585 
Glutamic acid. 595 
Glutamine. 597 
Glycerol, 581, 584 
Glyceryl esters. 584 
Glycine. 593. 595 
Glycogen. 586, 604 
Gold. 550, 558 

compounds of, 558 
metallurgy of. 502 
Goudsinit, S., 183 
Graham. Thomas. 349 
Grain-atom. 145 
Gram formula weight, 146 
Granite. 113 
Grape sugar. 585 
Graphite. 136 

structure of. 226 
Gravity cell. 257 
Greeno* kite. 503 
Ground state, 175 
Gunpowder. 140 

Gulta percha, 577 
Gypsuin. 1 32 

Halier process. 375 
Hafnium. 105. 526 


„ Hydrogen peroxide, 258 

Hydrogen sulfide, 358 
Hydrolysis of salts, 442 
Hydronium ion, 117 
Hydroxide complexes. 479 
Hydroxide ion, 117 
and metal- Hydroxyapatite, 384 

Hydroxyglutamic acid, 596 
Hydroxyiamine. 377 
Hydroxyprolinc, 596 
Hyponitrites, 381 


Hahn, Otto, 685 
Hair, 601, 603 
Half-life, 404 
Hall, Charles M., 279 
Halogens. 141 
chemistry of, 264 
compounds with non-metals 
loids, 273 

electronic structure of. 221 
Hardness, 136 
Hard water, 464 
Harriot, Thomas, 28 
Heat and work, 646 
Heat capacity, 638 
Heat content, 635 
Heat of combustion, 641 
of formation, 640 
of fusion, 639 
of reaction, 633 
of transition, 639 
of vaporization, 639 
Heisenberg, Werner, 187 
Helium, 108 
a-Hclix, 601 
Hematite, 530 
Heme, 607 

Hemoglobin, 592, 600, 602, 607 

Henry’s law, 341 

Hlroult, P. L. T., 279 
Hertz. Gustav, 180 
Hertz, Heinrich, 167 
Hess, Victor, 673 
Heterogeneous reaction. 398 
Hcvcsy, G. von, 105 
Hexagonal closest packing, 492 
Histidine. 594, 596 
Homogeneous reaction, 398 
Hormones, 266, 611 
Horn-silver, 501 
HOckcl. E., 349 
Hybrid bond orbitals. 228 
Hydrargillite, 626 
Hydrated ion, structure of, 204 
Hydrazine, 376 
Hydrocarbons, 570 
cyclic, 575 

Hydrofluoric acid, 141 
Hydrogen, 110 
Hyd.o L -m atom. 88 

quintum theory of. 174 
Hydrogen bomb, 686 
Hydrogen bond, 327 
Hydrogen chloride, 265 
Hydrogen cyanide. 382 
Hydrogen electrode. 2S7 
Hydrogen fluoride, 140 
Hydrogen ion, 117 
Hydrogen-ion concentration, 436 
Hydrogen molecule, 88. 213 


Hyponitrous acid, 381 
Hypophosphorous acid, 390 
Hypothesis, 18 

Ice, structure of, 330 
Indicator. 118, 437 
Indium, 564 
Insulin, 600, 602, 611 
Interference of waves, 68 
Intcrmetallic compound, 504 
Intcrplanar distance, 72 
Iodine, 32, 266 

oxygen acids and oxides of, 272 
vapor-pressure curve, 44 
Iodoform, 585 
Ionic bond, 195 
character of bonds, 233 
conduction, 197 
Ionic crystal, structure of, 194 
Ionic radii, 217 
Ionic reactions, heat of, 637 
Ionic valence. 194, 195 
Ionization chamber, 72 
Ionization constant, 440 
Ionization energy, 180 
Ionization potential, 181 
Ions, 194 
activities of, 348 
gaseous, 156 
hydration of, 205 
Iridium, 544 

compounds of, 545 
Iron, 530 

compounds of, 541 
metallurgy of, 531 
Iron transition elements, 218 
Isoleucine, 594, 595 
Isomerism, 572 
Isomorphism, 141, 142, 302 
Isoprene, 577 
Isotopes, 91 

Joule, J. P., 646 
Joule, unit of energy, 646 

Kamerlingh Onnes, Heike, 297 
Kaolinite, 626 
KekuI6, A., 241, 578 
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Kelvin. Lord. 45. 297 
Kelvin scale, 45 
Kernile, 134 
Ketones, 581 

Kinetic theory of gases. 307 
Kodachroine method, 556 
Krypton, 109 

Lactic acid, 583 
Lactose 586 
Lanthanum. 136, 525 
Lapis lazuli, 625 

Latimer, W. M., 651 

Lavoisier. A. L.. 77, 81, 87. 113. 11 . 

315 
Law, 18 

Avogadro’s. 298 
Boyle s, 290 
Henry’s, 341 

of Charles and Gay-Lussac. 294 
of combining volumes. 299 
of combining weights. 151 
of conservation of mass, 5 
of constant proportions. 150 
of octaves, 103 

of simple multiple proportions. 0 « 
Kaoult's. 344 
Lawrence, F.. O., 674 
Lazulite. 625 
Lead, 566 

compounds of. 566 
metallurgy of. 503 

Lead-chamber proccw, 

Lead chromate. 519 
Lead storage battery. 285 

Le Bel, J. A., 241 a?3 

Le ChAtelici. H. L.. principle of. 319. 

Lepidolite, 127 

Leucine, 594, 595 4^7 

Lewis, Gilbert Newton. 213. 240. 241. 

Libby, Willard F . 680 

Life nature of. SK9 

Ligancy, 27 

Light, nature of. 189 

Light quantum. 167 

Lime, 1 30 

Limestone. 113. 131 

Liinonite. 530 

Lipase. 60S 

Liquid, 41 

Lithium. 125 

compounds of. 1 26 

Mthoponc. 560 
Litmus. 118, 437 
larckyci. Sir Norman. 

Lomonosov. M. V., 87 
Low temperatures, production of, 64 
Lunar caustic. 554 
Lycopene, 573 
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Lyman series, 179 
Lyman. Theodore. 179 
Lysine. 594, 596 
Lysozyme. 600. 602 

Magnesite. 1 30 
Magnesium. 128 
compounds of. 1 30 
Magnetic dipole moment. 61 
Magnetic field. 53 
Magnetite. 530 
Malachite, 500 
Manganese, 521 
Manganese dioxide. 522 
Manganitc, 522 
Marble. 131 
Marsh test. 393 
Martensite. 538 
Mass number. 91 
Mass spectrograph, 155 
Material, 8 
Matter. I 

and energy. 4 
kinds of. 2 
structure of. I 

McMillan. F. M.. 525. 675. 677 
Medicine. 612 
Melting point, 41 

and molecular symmetry, 3-6 
of substance*. 321 

Mendelyccv. Dmitri L. 103. 104 
Mercuric compounds. 561 
Mercurous compounds. 563 
Mercury. 559 

compounds ol. Sol 
metallurgy of. 50? 

Meson. O'* I 
Metabolism. 590. o04 
Mrtacinnabai itc. 562 
Metal carbonyls. 487 
Metallic valence. 4'>6 
Metalloid. 1 <* 7 
Metallurgy. 499 
of cadmium. 503 
of chromium. 516 
of copper. 500 
of gold. 502 
of iron. 531 
of lead, 503 
of manganese. 522 
of mercury. 503 
of rarc-eanh metals. 525 
of silver. 501 
of tin, 503 
of zinc. 502 
Metals. 106 

mechanical properties of. 4 >7 
structure of. 491 

Metals and alloys, nature of. 4 70 
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Metaphosphoric acids, 388 
Mctastable equilibrium, 416 
Methane, 570 
Methanol, 580 
Methionine, 595 
Methyl alcohol, 580 
Metric system, 6 
Meyer, Lothar. 103 
Mica, 626 
Millerite, 543 

Millikan, R. A., 59, 90. 170 
Minerals, 113 
with layer structures, 625 
Mischmetall, 525 
Mitschcrlich. E., 143, 302 
Mixture, 9 
Mohs scale. 137 
Mole, 146 

Molecular crystals. 32 
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